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FORWARD

Thisreport documentsana yses performed in support of thel ntersection Collison AvoidanceUsing
ITS Countermeasures program under NHTSA Contract No. DTNH22-93-C-07024. This work was
performed by the Intelligent Transportation Group of Veridian Engineering and the Battelle Memoria
Ingtitute during the time frame of March 1, 1998 to August 1, 1999. A list of contributing authors is
provided.

The andyses provided in thisreport utilizes the foundation of knowledge established during Phase
| of thisprogram. Phasel illustrated that collisonsthat occur within the boundaries of intersectionsarethe
second most frequently occurring type of crash, (i.e., second only to single vehicle roadway departure
crashes). The gtatistical and clinical andyses performed in Task 1 indicated that while crashes occurred
a intersections with varying configurations, the causes and mgor characterigics of these crashes
demongtrated smilar features. Theresultsfrom Task 1 were utilized to develop preliminary functiona gods
for anintersection collision avoidance countermeasure. Task 3 of thisprogram utilized thefunctiona goas
and the crash data from the preceding tasks to derive three countermeasure concepts.

Phase Il of this program investigated the technology and research available to congtruct the
countermeasuresdescribed in Phasel. Based onthefunctiona descriptionsof the countermeasure concept
developed during Phase |, Task 4 of Phase |l investigated the technologies that could be gpplied to fulfill
the gods of the system. Technology requirements were assessed in key areas, SUch processors, sensors,
actuators, and driver-vehicleinterface (DVI) characteristics, to determine the equipment that will facilitate
congtruction of a prototype intersection collision avoidance system.

InTask 5 of the program design studieswere performed to enable system definition and component
specificationfor the Testbed system. These studiesresulted in the definition of adesign for theintersection
countermeasure testbed.  The design that resulted from the Task 5 effort was subsequently modified due
to concerns expressed by NHTSA personne. The testbed was modified to delete systems that would
require the ingalation of equipment in the infrastructure. The resulting countermeasure, while not having
the effectivenessagaing dl potentia intersection collison scenarios, ismorelikely to befielded at an earlier

point.

Phase I11 of the program was approved to proceed in March of 1997. Phase 11l developed the
Testbed systems, implemented the systems on a vehicle, and performed testing to determine the potentia
effectiveness of this system in preventing intersection crashes Those results are contained in this report.



1.0 INTRODUCTION

Roadway intersections are areas of potentia conflict that increase risk exposure for vehicles
attempting to pass through these locations. The varying nature of intersection geometries and the number
of vehicles gpproaching and negotiating through these Stesresult in abroad range of crash configurations.
Prdiminary estimates by the Nationa Highway Traffic Safety Administration (NHTSA) indicate that
crossing path crashes occurring at intersections represent approximately 26 percent of al police reported
crashes each year. Thisproportiontrandatesinto 1.7 million crashes. When non-police reported crashes
of thistype are o consdered, the tota number of crossing path crashes increases to approximately 3.7
million each year (Source: RFP No. DTNH22-93-R-07024).

Advances in sensor and data processing technology during the past decade have enabled the
collection of large amounts of data from the vehicle environment. Sensor and communication technology
permit the detection of vehiclelocationsand transmission of information between vehicles. An example of
this type of technology is the cdlular phone, where information from the vehicle (the phone cal) is
transmitted to a location, then transmitted over a net (phone lines). Technology, such as the Globa
Podtioning System (GPS), alowsthe position of avehicleto be determined with an ever-increasing degree
of accuracy.

Other systemns, such asthe VORAD collision avoidance system, and the Mercedes-Benz Stability
Enhancement System, illustrate the potentia to detect collision Stuations, and to control the stability of the
vehide during acollision avoidance maneuver. Application of these and other Sate-of-the-art technologies
is part of a program to revolutionize transportation safety. This program, broadly titled Intelligent
Transportation Systems (ITS), seeks to integrate sensors and processing equipment into automobiles to
increase their safety and utility.

The Intersection Callison Avoidance Using ITS Countermeasures program was developed to
address the intersection crash problem and apply technology to prevent or reduce the severity of
intersection crashes. The program congsts of a sequence of nine related tasks to be completed in three
digtinct program phases. Phase |, which conssted of three tasks, enumerated the magnitude of the
intersectioncrash problem and defined four distinct configurations, with associated characteristics, for each
of these configurations. An output of Phase | was three countermeasure concepts. These countermeasure
concepts each offered the potentia for prevention of intersection crashes. These countermeasures were
the Driver Advisory System, the Defensive System, and the Communication System. The Driver Advisory
System, illugtrated in Figure 1-1, was equipped with the sensor and vehicle control systems required to
identify driver errors, and to act through direct vehicle control to prevent the crash. The Defensive System,
illugtrated in Figure 1-2, was smilar to the Driver Advisory System, but lacked the vehicle control
technology to affect vehicle state. This system relied on the driver reacting positively to the warning
provided by the countermeasure. Thethird system, the Communication System, required that al vehicles
on the road be equipped with a transponder syssem communicating with a intersection controller. This
system concept is shown in Figure 1-3. Two of these concepts, the Driver Advisory system and the
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Defensve systems were developed further in Phase 1. The Communication System was dropped from
congderation due to the long time frame required to equip al vehicles on the road with the system, along
with the fact that no system benefits would be redlized until the system attained one hundred percent
penetration into the vehicle fleet. The remaining two concepts, and the database of intersection crashes,
were built uponin Phase | to determine the technol ogy availableto implement and congtruct the described
countermeasures.  The efforts in Phase I culminated in the design of an ICA testbed vehicle. While
conceptudly identicd to that system described at the conclusion of Task 3, detailed functiondity of the
countermeasure components changed.

Phase |1 of this program saw the congtruction and testing of the Intersection Testbed System. A
re-design of the system was performed to smplify the design of the Threet Detection System. A partid
solutionto the Threat Detection System was devel oped that utilized three discrete radar syslemsto perform
the function of the previous design. This gpproach alowed the program to proceed while dedicating
funding to testing of the complete sysem. An Intersection Collison Avoidance Testbed was constructed
that dlowed the various system components to be evauated and tested. Extengve testing of the Threet
Detection System, as well as the Geographica Information System (GIS)/Differentiad Globa Postion
System (DGPS) system was performed to determine system operating characteristics.  The results from
testing of system components, as well as complete system is documented in this report.

Driver Vehicle Interface Steering Actuator
(HUD)

Throttle Actuator
(Disable Throttle)

Sensor Suite and CPU
Brake Actuators * DGPS

(Allow Limited Application of Brakes) * Processing Electronics
« Control Electronics

« Digital Map Datafile/ATIS

Radar Antennas (3)
Threat Detection

Figure 1-1: Driver Advisory System Concept
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Driver Vehicle Interface
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___——

Radar Antennas (3) Sensor Suite and CPU
Threat Detection * DGPS
¢ Processing Electronics
« Control Electronics
¢ Digital Map Datafile/ATIS

Figure 1-2: Defensice System Concept

Driver Vehicle Interface
(HUD)

)

Communication Suite and CPU
« DGPS
« Communication Electronics
« Control Electronics

Figure1-3: Communication System Concept
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Section 20  APPROACH

Inthis section the methodol ogy and sub-tasksincluded in Task 9 report isdescribed. Thissection
will describe the lay-out of this report.

Section 3.0 THEINTERSECTION COLLISION PROBLEM

This section reviewstheintersection collision scenariosfor which acountermeasurewas devel oped
to prevent. The scenarioswerearesult of the clinica andyssof NASS CDS data that was accomplished
in Task 1 of this program. Four scenarios were identified. Each of the scenarios are described, with the
causal factor digtribution for each scenario provided. Thisdiscussion providesabassonwhichto evauate
the Testbed design.

Section 40 INTERSECTION COUNTERMEASURE DESCRIPTION

This section reviewsthe design for the Intersection Collision Avoidance Countermeasure (ICAS).
The final countermeasure designed was a development of the system described in the Task 5 report.
Changes to the sysem design were a result of Criticd Desgn Review, held in conjunction with
representatives of NHTSA, and engineering development. The result of this was a intersection
countermeasure that was not able to deal with al the scenarios described in section 2. This section
describes the population of intersection crashes the resulting system was designed to prevent.

Section 5.0 ICASSYSTEM SPECIFICATIONS

This section provides a detailed description of the countermeasure systems, testing results, and
gpecifications of the Intersection Collision Avoidance System (ICAS). In particular, this section described
the engineering development of the three magjor components of the countermeasure; the Geographical
Information System / Global Positioning System (GIS/GPS), Threat Detection System, and the Driver
Vehide Interface. Results from testing of these component systems, as well as the integrated system are
provided. Problemsand lessons learned during this program are described.

Section 6.0 SYSTEM ANALYSIS

This section addresses countermeasure depl oyment issues described in the Statement of Work for
this program. Examples of these issuesinclude:

* Determine countermeasure benefits
» Technicd feasihility of tested system
» Practicdity and cost of system implemented



Section 7.0 SUMMARY AND CONCLUSIONS

This section summarizes the work conducted within Phase 111 of the ICA program, and the resulting
countermeasure system developed in this program.



3.0 THEINTERSECTION COLLISION PROBLEM
3.1 I ntroduction

As an introductionto the work performed during this program, the intersection collison scenarios
that occur in routine driving will be reviewed. Thiswork was presented in the Task 2 report of Phase| of
this program.

3.2  Description of Crash Scenarios

The crash scenarios presented in this section are extensions of the intersection crash scenarios
presented in Section 4.0 of the Task 2 report. The scenariosthat were presented in Task 1 were generic
scenarios that were gpplicable to dl potential crash configurations within specific geometric dignments.
These generic scenarios lead to definition of vehicle dynamic scenarios for eech vehicle involved in the
crash. Thefina evolution of the vehicle dynamic crash scenarioswas detailed Inthe Task 2 report. These
scenarios utilize vehicle state and maneuver information, aswell asclinical analysis results, regarding eech
involved vehicle. These scenarios promote the listing of countermeasure functional goals. The functiond
god assessment for each case leads to compression of crash types into three primary and one secondary
crash scenario. Each of these scenariosis detailed below:



Intersection Crash Scenario No. 1

Subject Vehicle (SV) not required to stop, no violation of traffic control, SV dowing or stopped
intraffic lane.

The SV is required to yield, but not stop for the traffic control and, therefore, no violation of the
control device occurs. A large proportion of these cases congst of the SV gpproaching atraffic
sgnd with a displayed green phase. All other cases in this scenario are cases where the SV is
uncontrolled. That is, no traffic control device is present on the roadway segment being traveled
by the SV. The SV attempts aleft turn acrossthe path of the POV. The SV iseither dowing, or
a agdopinthetraffic lane. Thiscrash scenarioisillustrated in Figure 3-1.

Signal on Green Phase

\@‘ N

Figure 3-1
I nter section Collision Scenario No. 1
Left Turn Across Path

3-2



Intersection Crash Scenario No. 2
SV required to stop, no violation of traffic control, SV stops and then proceeds into intersection.

The SV is sopped, as required, prior to entering the intersection. Almogt dl the cases in this
category are intersections controlled by stop sgns aong the roadway being traveled by the SV.
No traffic contral is present on the roadway being traveled by the POV. The SV attempts to
traverse the intersection, or attemptsto perform aleft turn onto the roadway being traveled by the
POV. Thisintersection crash scenario isillustrated in Figure 3-2.

EAE I ——— POV
10 ~— (I
'\L _‘—_‘::LIEIJJ =

A oo [

T

]:: Stop Sign

——
SV

Figure 3-2

I nter section Crash Scenario No. 2
Perpendicular Paths - No Violation of Traffic Control
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Intersection Crash Scenario No. 3

The SV isrequired to stop, aviolation of the traffic control occurs, with the SV proceeding into
intersection without stopping.

The SV does not stop prior to entering intersection. All of these cases involve violations of the
traffic control device. The POV has the right of way and enters the intersection. In avery high
proportion of these crashes, the vehicles are performing an intersection traversa on straight paths.
This intersection crash scenario isillustrated in Figure 3-3.

Signal on Red Phase
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Y
Figure 3-3

I nter section Crash Scenario No. 3
Perpendicular Paths- Violation of Traffic Control
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Inter section Crash Scenario No. 4
SV required to stop, violation of traffic control, SV stops, then proceeds into intersection.

Thisis adigtinct, athough less frequently observed crash scenario than the first three described
above. This scenario occurs when the subject vehicle gpproaches an intersection controlled by a
ggnd with adisplayed red phase. The SV stops, and then proceeds into the intersection prior to
the sgna phasing to green. Thisintersection crash scenario isillugtrated in Figure 3-4.

Signal on Red Phase
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[

—

SV

Figure 3-4

I nter section Crash Scenario No. 4
Premature I nter section Entry

The above listed scenario groups present common factors that alow the crashesto be prevented
by application of amilar functiona god sets. It isinteresting to note the digtribution of the clinicd sample
into these four scenarios. This digtribution is shown in Table 3-1. Prior to discussng the countermeasure
developed for these scenarios, it isbeneficia to review the dynamic Situation associated with each of these
scenarios. Note that these scenarios focus only the actions of the SV. Thisisintentiond snceit is the
actions of thisvehiclewhich initiate the crash sequence. The characteristics of each of the above scenarios
are provided in the following subsections.
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Table3-1
Distribution of | ntersection Crash Scenarios

Per centage

Crash Scenario of Sample
No. 1 Left Turn Across Path 238
No. 2 Perpendicular Path - Entry with Inadequate gap 30.2
No. 3 Perpendicular Path - Violation of Traffic Control 43.9
No. 4 Premature Intersection Entry - Violation of Traffic Control - Signal 2.1
Total 100.0

3.2.1 Intersection Crash Scenario No. 1

Approximately one-quarter (23.8 percent) of the intersection conform to crash Scenario No. 1.
This scenario is digtinct from other scenarios due to the SV performing a left turn across the path of the
POV. A largeproportion (87.1 percent) of the cases corresponding to this scenario occur at intersections
controlled by phased traffic Sgnds. The remainder of these cases occur at intersections with no traffic
controls. Refer to Figure 3-5for alisting of crash characterigtics pertinent to thisscenario. Indl the cases
inthisscenario, the SV isether dowing or gopped in the traffic lane while waiting to make aleft turn. This
scenario has awide variety of factorsthat are attributed as causes for the crash. Specifically, four causd
factors are associated with over 90 percent of the crashes. The rank order and associated percentages
are: Faulty Perception-Looked, Did Not See (26.5 percent), Attempted to Beat Other Vehicle (24.9
percent), Vision Obstructed/Impaired (20.7 percent), and Driver Inattention (18.3 percent).

The common linking factor to these causa factors was the SV attempting to perform a left turn
across a vehicle path with inadequate vehicle-to-vehicle gap (VTV gap). The countermeasure designed
in this program was designed to dleviate this problem by providing the SV driver with awarning of an
inadequate gap as they are about to proceed with the turn.
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3.2.2 Intersection Crash Scenario No. 2

| ntersection collisions conforming with crash Scenario No. 2 comprise 30.2 percent of thesample.
Intersection crash Scenario No. 2 is distinguished by the motion of the SV. In this scenario, the SV stops
in compliance with the traffic control device and then proceeds into the intersection. The collison occurs
when the SV attempts to make a turn or proceed straight through the intersection. The distribution of
characterigtics associated with this scenario are illustrated in Figure 3-6. This scenario occurs most
frequently at intersections controlled by stop signs. Approximately 95 percent of the casesin this scenario
occur inthismanner. Theremaining casesoccur & other types of Sgns, such asyield or sop sgnsfflashing
lights
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Devices *Stop Sign/ FlashingRed  1.3%
*Flashing Red 0.6%
Requirement of Required to
Traffic Contral ~ : Sop
: A 4
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. H :
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Figure 3-6
I nter section Dynamic Scenario No. 2
Perpendicular Path - No Violation of Traffic Control
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Asin Scenario No. 1 the driver proceeds into the intersection with an inadequate VTV gap. The
geometry of the scenario is different due to the perpendicular path of the vehiclesin this scenario, but the
underlying factor isthe same. The Countermeasure system must be able to scan the perpendicular lanes,
and provide awarning of the gpproaching vehicles.

3.2.3 Intersection Crash Scenario No. 3

These crashes are the largest proportion of intersection cases in the sample, comprising 43.9
percent of the sample. In this scenario, the SV is required to stop for atraffic control. The SV violates
the traffic control and enterstheintersection. The characteristicsassociated with thisscenario areillustrated
in Figure 3-7. Asevident in the figure, these crashes occur most frequently at intersections controlled by
sgnds, dthough one-third of the sample occurs at intersections controlled by stop signs. In a large
proportion of the sample (90.4 percent), the SV is traverang the intersection on a straight path. This
maneuver influencesthe velocity a which the vehicle gpproaches the intersection. When the SV ismaking
aturn, the driver usually dows and then proceedswith theturn. An exceptionto thiscircumstanceiswhen
the SV istraveling a alow veocity and the driver believesthat it is safe to proceed with the turn a hisher
current velocity.
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I nter section Dynamic Scenario No. 3
Perpendicular Path - Violation of Traffic Control
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Unlike Scenario Nos. 1 and 2, this crash scenario can be mitigated by providing the driver with a
warning of the potentid violation of the traffic control. The countermeasure must provide thisinformation
to the driver in time for the driver to react to the intersection they are gpproaching.

3.24 Intersection Crash Scenario No. 4

Thesetypes of crashesoccur inonly asmall proportion (2.1 percent) of the sample. Thisscenario
isdistinguished by the driver of the SV stopping in response to atraffic sgna withadisplayed red phase.
The driver proceeds into the intersection prior to the light phasing to green. The distribution of crash
characteridticsis illustrated in Figure 3-8. Asevident in thisfigure, the driver entersthe intersection and in
alarge proportion of the cases proceeds straight acrosstheintersection. Inthe remainder of the casesthe
driver performsaleft turn. Indl cases comprising this scenario, the driver isinattentive to the driving task
and does not observe the signal phase.
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40 THEINTERSECTION COLLISION AVOIDANCE SYSTEM (ICAS)
TEST BED DESIGN

The Intersection Collison Avoidance System (ICAS) described in this section is designed to
provide a driver with warnings of an impending crash or potentid hazards at intersections. The ICASis
aculmination of the work performed in previous phases of this program; the definition of the intersection
crash problem, the investigation of the technology to support devel opment of the countermeasure, and the
congtruction of the ICAS test bed vehicle.

The ICAS Test bed design presented in this section, was devel oped from the design presented in
the ICA Task 5report. The | CAS design presented in Task 5 was capable of addressing thefour collison
scenarios described in Section 3. During the Critica Design Review, anumber of changes were made to
the system design at the request of the customer. Primary changes were the eimination of the Signd-to-
Vehicle Communication system, and the re-design of the Threat Detection System to implement a“ partia
solution” desgn. The dimination of the Communication system prevents the ICAS from being effective
againg collisons caused by driversviolating sgnalson red phase. There-design of theradar inthe Threet
Detection system was made to ensure that the gods of the program could be met. The origind radar
system design was complex, with a potentia for exceeding the program budget. A compromise radar
design was developed that utilized three commercidly avallableradars. This compromise system alowed
the development of the countermeasure at a reasonable cost.

The Intersection Countermeasure is comprised of four sub-systems; the threet detection system,
the GISGPS system, the driver vehicleinterface, and the vehicle support syslem. The architecture of the
countermeasureisillustrated in Figure 4-1. The countermeasure has been designed as an “ add-on” to the
vehide platform, where dl components are integrated into the vehicle system and structure to the greatest
extent possible in this type of gpplication. Dueto thiscongraint it wasnot possibleto integrate the various
gystlems into the vehicle in a transparent manner. For example, it was necessary to place Sde-looking
radars onthevehicleroof in order to acquire dataon vehicles approaching theintersection on perpendicular
paths. Thisresulted inthe placement of radarsin obviousview ontheroof of thevehicle. Thismay beseen
inFigure4-2. This section will provide a description of each of the systlemsin the countermeasure. The
sections that follow shdl describe the testing, and performance guiddines that have resulted from these
tests. Much of the equipment isingtaled in the trunk of the test bed, as shown in Figure 4-3. Figure 4-4
shows the driver's compartment.
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4.1  Threat Detection System

The threat detection system utilizes millimeter wave radarsto acquire dataon vehiclesapproaching
the intersection. The ICAS utilizes three VORAD EVT-200 radar sysems. Theseradarsoperate at 24
GHz frequency and provide range and range rate data. These units are marketed to the trucking industry
asforward collision avoidance systems. Theradarsare modified at the factory to provide range and range
rate data through a RS-232 link.

The radar antennas are mounted to a scan platform designed by Veridian Engineering. The scan
platforms are motorized, and gear-driven to alow the radars to be pointed to specific areas of the
intersection as the vehicle approaches the intersection. An optical encoder, mounted aong the rotationa
axis of the antenna, provides angular postion data.  The scan platform isdesigned to dlow the antennato
be postioned, through computer control, to the adjacent roadways of the intersection the vehicle is
gpproaching. Three scan platforms are utilized; two on the vehicle roof to monitor the perpendicular
roadways and one forward-looking unit to monitor the parallel roadway. A photograph of the threeradars
ingaled on the ICAS Testbed is shown in Figure 4-2. A detailed photograph of the scan platform design
isshown in Figure4-5. Thisdesgnisutilized in dl three ingdlations on the vehicle.
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The standard VORAD dectronics is used to process the data coming out of the antennas. The
resulting range, and range rate datafor the closest three targetsis provided to V eridian-designed software.
Thetracker utilizesradar data, in conjunction with information on theintersection provided by an on-board
map datafile, to determineif the ICAS Testbed will occupy the intersection at the sametime asvehicleson
perpendicular, or parald, but opposite direction paths. The threat detection system is described in full,
aong with testing performed on the system to derive performance guiddinesin Section 5.1 of thisreport.

42  GISGPS System

The Geographica Information Syster/Globa Positioning System (GIS/GPS) is a system that
includes a Global Positioning System (GPS), a differential correction receiver, and an on-board map
database to prevent collisons a unsigndized intersections. The system uses differentidly corrected
position information provided by the GPS to place the ICAS Testbed on a specific roadway identified in
the map database. The map database contains information about the location of intersections, dong with
roadways. This map datafileis provided by Navigation Technologies, Inc. (NavTech).

The map datafile used in this program is amodification of the standard NavTech product. At the
sart of thiseffort NavTech did not includethe Buffalo, NY areaintheir coveragearea. When devel opment
of the GIS/GPS ramped up, this Stuation had changed. NavTech wasin the find stages of compiling the
map datafile for the Buffalo region. Although not released for the public, NavTech agreed to supply
Veridian with asubset of the regional map asatest areafor the ICAS system. A thirty-three square mile
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area was sdected in a Buffao suburb. This area contained a variety of roadway and intersection
characterigtics. A map of the test areais shown in Figure 5-10, Section 5. The map datafile for the test
areawas modified by use of higher precison of intersection location, and the incluson of a data fidd for
traffic controlsat intersections. Thisinformation isused by the countermeasureto locatethe ICAS vehicle
on aroadway, and to determine vehicle distance to intersection. With the distance to intersection known
the speed of the vehicle can be acquired from vehicle sensors, such as the speedometer, and used to
caculate the braking effort required to prevent intersection entry, or “a,”. Thismetric is used to monitor
driver reaction to the intersection prior to entry. Basdline studies of driver behavior performed earlier in
this programhasindicated that a, can be used to identify those drivers who will not comply with the traffic
control at the intersection. Anillustration of two a, curves, with the driver complying, and
violaing the intersection are shown in Figure 4-6.

Typical Apvs. Timefor Intersection Approaches

1.00

0.80

0.60

Ap (G)
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No Intersection Violation - - - - - - - Intersection Violation

Figure 4-6: Illugtration of a, Metric

The upper curveis cdculated by the ICAS when the driver leavesthe braking for the intersection
verylae. Inthecurrent application, thewarning isinitiated when a, = 0.35g. This0.35g valuewasderived
through an iterative process of andlysis and driving tests. The warning vaue is a compromise between
assuring that the driver has not responded to the stop Sign at the intersection they are gpproaching, and the
desire to limit false darms. Previous basdine studies had determined that drivers brake for stop sign-
controlled intersectionsa amean level of 0.19g. It was desirablefor the a, warning val ue to accommodate
driving styles above the mean. A range of g, values between 0.25g and 0.45g were tested in the ICAS
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Testbed to determine driver acceptability. Thelower range of a, vauesproduced warningstoo early; prior
to when drivers would normaly initiate braking; the higher values produced warnings a a stage much later
than drivers would initiate braking. These tests determined that 0.35g produced a balance of appropriate
warning distance and false darms. Note that dthough the acceleration to prevent intersection entry is
negdive, it is illudrated as a pogtive vaue in these graphs.  As the driver normaly approaches the
intersectiontheva ueof a, will exceed thethreshold valuewhen distances become very small (generaly less
than 10 feet.) The agorithm deactivates the warning if vehicle speed is less than 5 mph. In the ICAS
gpplication, thecaculation of &, islimited to thoseintersections controlled by stop signs. Thisfeature could
be expanded to phased sgnds through the use of asignd to vehicle communication system. If the system
detects that the driver is not responding to the intersection, through the exceedance of the g, threshold, a
warning is provided to the driver through the Driver-Vehicle Interface. An illudtration of the warning is
provided in Figure 4-7.

Figure 4-7: lllustration of Stop Sign Warning

The function of the GIS/GPS system is described fully, dong with performance guiddines, in Section 5.2
of thisreport.

4.3 Driver Vehicle Interface

The Driver-Vehicle-Interface (DV1) is used to transmit warnings to the vehicle driver. The DVI
utilizes multiple sensory modes to transmit the warnings. Included within the DV is a Head-Up Display
(HUD), auditory system, and haptic warning system. The HUD and auditory systems are commercidly
avallable componentsthat were utilized to support thisprogram. Thissystem utilizesasecondary, computer
controlled brake systemonthe ICAStestbed. Thesystemistriggered whenthe g, threshold is exceeded.
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The haptic system provides three deceleration pulses to warn the driver of the intersection they are
approaching and to react to it.

44  Vehicle Systems

The vehicdle sysems are those systems that are required to integrate the ICAS equipment into the
testbed vehicle. The vehicle chosen for the Testbed wasaFord Crown Victoria. Thisvehiclewas chosen
after arequirements study was performed to identify critica festures of the host vehicle. The vehiclewas
desired to be apassenger vehicle, asopposed to avan, or Sport Utility Vehicle. Other featuresconsidered
were room to ingd| the ICAS equipment and a heavy duty charging syssem. The Ford Crown Victoria
was chosen from a fied of vehicles such as the Pontiac Grand Prix, Chevrolet Lumina. The ICAS
equipment was successfully integrated into the Vehicle with aminima amount of modifications. The two
areas Where changes were made were the vehicle braking system, and ingtdlation of aroof mount for the
various equipment. The changes made to the vehicle could have been made at the factory if this system
were accepted by a vehicle manufacturer. A detailed description of the vehicle changes are presented in
Section 5.4 of this report.

45 ICASCaoallison Target Population

The ICAS system developed in thisprogram is not capable of preventing al the collision scenarios
described in Section 3 of thisreport. The omisson of the traffic Sgnd to vehide communication system,
and implementation of a“partid solution” threat detection system capability that wasdirected in the Critical
Desgn Review in December 1997, resulted in a modified syssem. The partid solution to the threat
detection system changed the design of this subsystemn by subgtituting three independently aimed radar
antennas for the one rotating antennaas origindly designed. ThisICAS system is cgpable of dedling with
intersection collison scenario 1 and 2, and part of scenario three, primarily scenarios for stop sign
controlled intersections.  Table 4-1 illustrates the portion of the intersection crash population this
countermeasure addresses.

Table4-1
Inter section Crash Scenarios Addressed by Modified ICAS

Crash Scenario Per centage % of Sample

No. 1 - Left Turn Across Path 23.8% 23.8%
No. 2 - Perpendicular Path - Entry with |nadequate gap 30.2% 30.2%
No. 3 - Perpendicular Path - Violation of Traffic Control 20.6% 43.9%
No. 4 - Premature Intersection Entry - Violation of Traffic Control 0.0% 2.1%
Total 74.6% 100.0%

The largest impact on the total population of crash scenariosis the inability of the countermeasure to deal
withsgnaized intersectionsin scenario 3 and 4. These scenarios have acommon link in that they require
information regarding the sgna phase at these intersections. As aresult of the omission of the sgna-to-
vehicle communication system the countermeasure can only address the portion of scenario 3 that occurs
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at intersections controlled by stop sgns. The lack of the sgnd to vehicle communication system prevents
this countermeasure from addressing scenario 4.

45.1 Non-Inclusive I nter section Scenarios

The ICAS was designed to prevent the driver of an equipped vehicle from making a mistake in
judgement or perception that resultsin the four crash scenarios discussed in the preceding sections. There
isaset of intersection collisonsthat the ICASis not designed to address, although the Threat Detection
System will handle themequally well. These collisonsare dynamicaly smilar to thefour scenarios, except
that the action, or lack of action that triggers the crash is initiated by the driver of the Principa Other
Vehicle, and not the Subject Vehicle. These crash types have been termed as* defensive modes’, because
the countermeasure syssem must provide the driver with information regarding the actions of the other
vehicle(s) gpproaching the intersection.

There are two primary defensive collision scenarios, that associated with the | eft turn across path,
scenario 1, and violation of traffic control, or scenario 3. These scenariosareillustrated in Figures4-8 and
4-9. Notethat whilethedynamicsof the scenario do not change, the role each vehicle playsin the scenario
is reversed. Since the SV and POV titles of each vehicle are defined by their role in the crash, these
scenarios occur in everyday traffic. The Threat Detection System makes no distinction asto which vehicle
violatesaTraffic Control Device (TCD).

These scenarios were encountered during the testing of the encountermeasures. The
countermeasure was found to be able to detect and warn the driver regarding an impending collision.

. o— 0

~ []—

Figure 4-8: Defensive Scenario No. 1
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Defensive Scenario No. 3

4.6  ICASAlgorithm

The equipment and systems described in the previous sections provide data to the collison
avoidance dgorithm. The dgorithm isa st of indructions contained within the central processing unit of
the system that provides a method of processing theincoming dataand providing the driver with warnings
when specific thresholds are exceeded. Figure 4-10 illustrates the interchange of information between the
components of the countermeasure. Note that the sgnd to vehicle communication system is included,
surrounded by dotted lines, in thisdiagram. This system was not implemented on the Test bed vehicle,
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Interchange of Data in ICAS Components

All data from the vehicle systems s ported into the Collison Avoidance Algorithm for processing
and issuing of warnings. The agorithm monitors the two primary performance metrics, a,, or acceleration
required to prevent intersection entry, and t;, gap time to gpproaching vehicles. Based on the calculated
vaues for these metrics awarning is provided to the driver of the countermeasure-equipped vehicle. The
dgorithmfor the overal sysemisilludrated in Figure4-11. Thisagorithm showsthe sysemin al potentia
intersectionencounters. Sectionsthat follow describe the countermeasure agorithm for thefour intersection
Crash scenarios.
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The system adgorithm utilizes data from the DGPS system in the vehicle to etablish to locate the
vehicle' s position. This postion is correlated with the location of aroadway in the GIS map. If system
inaccuracy in either the DGPS or GIS places the vehicle off the roadway, software correctsthe location of
the vehicle onto the nearest road. Use of DGPS makes this alocation of the vehicle to a specific roadway
amuch more accurate process than when using GPS only. With the roadway located, the vehicle heading,
and vehicle speed, acquired from the DGPS equipment, can be used to determinetheintersectionthevehicle
is gpproaching. The GIS uses the discrete intersection ID to determine the geometry of the intersection,
wither four way, junction right/left, or “T”, and the traffic control at the intersection. The on-board
processing equipment calculates the distance to the intersection for use by the warning algorithms.

Based on the traffic control at the intersection the actions of the countermessure can differ. The

vaying actions of the countermeasure with respect to the traffic control device at the intersection is
described below:

Sop Sgn:

This portion of the dgorithm is illustrated on the right side of Figure 4-11. When the vehicle is
gpproaching an intersection controlled by astop sign the vehicle must determine the drivers compliancewith
the traffic control, and then if the driver has an acceptable vehicle to vehicle gap with which to enter the
intersection. A driver gpproaching an intersection controlled by astop signisawaysrequired to stop, check
for a gap to proceed, and then traverse the intersection. The ICAS assures that the driver performs these
tasks, and provides warningswhen their judgement isfaulty. Thel CAS determinesdriver compliance with
the stop sign by monitoring the g, metric. The a, metric monitorsthe vehicle speed with respect to distance
to intersection and caculates the braking effort that is required to prevent the vehicle from entering the
intersection. Previousdriver behavior sudiesin thisprogram haveindicated thet driver’ s provide cues, such
as gpplying the vehicle brakes, up to nine seconds prior to arriving at the intersection. Thisbehavior canbe
captured by monitoring thea, metric. If the value of g, exceeds 0.35g's awarning is provided to the driver
through the DVI.

If the driver is reacting to the intersection by dowing down in order to stop, the vehicle threat
detection system initiates a scan of the intersection to determine the presence of threet vehicles. Asthe
vehide agpproaches the intersection the system positions the radars to accommodate the geometry of the
intersection. Thisinformation is provided by the map database withinthe GIS. Thethreat detection system
will monitor range and range rates to other vehicles gpproaching the intersection. Thetracker inthe ICAS
will utilize this information to determine if the vehicles shdl occupy the intersection at the same time as the
ICAS vehicle. Joint co-occupancy of theintersection by the ICAS and any intercepting vehicle will initiate
awarning to the driver. This warning logic is modified based upon vehicle distance to intersection and
speed. If thevehidleisdowly approaching an intersection, such aswhenin aline of vehicle, logic withinthe
tracker will dissble the darm. The logic recognizes that the vehicle can stop in a very smal distance, and
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therefore disables the warning to reduce fase darms. As the vehicle is a the intersection the
countermeasure will determine if the ICAS vehicle can safdy traverse the intersection.  If the driver can
safdly traverse the intersection no larmisprovided. If conversdly, thereis no adequate gap, and the driver
is not gpplying the vehicle brake, an darm is tranamitted to the driver through the DVI.

Once the intersection has been safely traversed by the ICAS vehicle, the countermeasure locates
the next intersection on the roadway and starts caculating distance to intersection, repeating the process
esch time.

Phased Sgnal:

The processing involved withthe ICAS at phased signdsissmilar to that described regarding stop
ggns. A criticd difference is that the requirement to stop at the intersection cannot be known with the
present implementation of the ICAS in the Testbed vehicle. The requirement to Stop at the intersection is
a function of sgna phase. A sgna to vehicle communication system was designed to provide the
approaching vehicle with information regarding the present signd phase and the time until the signd phases.
This systlem was omitted from the testbed dueto difficulty in deployment and testing. Thefunctiona aspects
of the communication sysem areilludrated in Figure 4-11 on the left side of the figure, enclosed in dashed
lines. Without the signd to vehicle communication system the countermesasure cannot warn the driver of the
potentia for violating the traffic control. Instead, the systern can only warn the driver if they are proceeding
into the intersection with an inadequate gap.

If the countermeasure receivesinput that the driver will perform aleft turn, through the activation of
the left turn sgnd, then the system can use the threat detection system to access the gap to vehicle
gpproaching the intersection in apardld, but opposite direction. The determination by the ICAS that an
inadequate gap to gpproaching vehicles will initiate awarning to the driver through the DVI.

Thesignd to vehiclecommunication system can provideinformationto the countermeasureregarding
the present sgnd phase, and thetimeto phasing. Thisinformation would be broadcast from each signd for
each gpproaching roadway , along with intersection 1D information. The details of the message protocol
is included in the Task 5 report for this program. With the present sgnd phase and the time to phasing
informationacquired from thesgnal, the requirement to stop for thedriver can bedetermined. If thevehicle,
while maintaining current velocity and direction, can traversetheintersectionin theto timeremaining to sgna
phasng (assuming the signd phase is green), then no warning is provided. If, however, the time is
insufficient, awarning istransmitted to the driver. Thisisequivaent to calculating a, for stop sign controlled
intersections. Whereas the g, for stop signs uses distance to intersection, and then calculates the braking
effort required, the a, for phased signals subgtitutes thetime to signal phase and cal culates the braking effort
required to prevent intersection entry. In both cases the same threshold value is used. When the driver
stops prior to intersection entry, the threat detection system operatesin alike manner as described for stop
sgns, caculaing gpproaching vehicle paths, and determining those vehiclesthat will occupy theintersection
a the sametime asthe ICAS vehicle. This aso happens when the vehicle enters the intersection with the
green signd phase, and there is no requirement to stop.
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The dgorithm that controls the action of the countermeasure in the intersection collison scenarios
described in Section 3 of this report will be described in the sections that follow. It should be noted that
these specific applications of the agorithm are dl contained within the system agorithm described above,

Left Turn Across Path - Crash Scenario No. 1

The left turn across path crash occurs primarily a phased signas when the signa is green. This
providesthe ICAS vehicle with no requirement to stop. The primary task of the driver, and the ICAS is
to assure that the driver proceeds with an adequate gap to vehicles gpproaching on parald, but opposite
pahs. The ICAS uses information derived from the DGPS and GIS to provide intersection geometry
characteristics. Additiona information regarding driver intent, provided by activation of the vehicle turn
sgnd, is used to activate or disable specific warning logic. If the driver does not activate theturn sgnd the
countermeasure isinactive. The dgorithm pathway isillustrated in Figure 4-12. The activation of the turn
ggnd dlowsthewarning logic for the forward radar system to be engaged. Theradar systemisfunctioning
a dl times, and only the ability to provide awarning isimpeded by thelogic. Theradar acquiresrange and
range-rate data for the vehicles gpproaching the intersection on the parale but opposte direction fromthe
ICAS vehicle. The datais processed by the ICAStracker, which predictsif the other vehicleswill occupy
the intersection at the same time asthe ICAS vehicle. If the ICAS predicts that the both vehicles will not
occupy the intersection at the same time, an acceptable gap is present, and no warning is provided to the
driver. If, onthe other hand, the tracker indicates that the vehicleswill occupy the intersection at the same
time, no adequate gap exigts, and awarning isissued. The warning would consst of an audio tone, icon
presented on the HUD, and, if the vehicleisin motion, pulsing of the brake system.

Perpendicular Path - No Violation of Traffic Control Crash Scenario No. 2

Intersection Crash Scenario No. 2 entails vehicles on perpendicular paths, with no violation of the
traffic control. The traffic control in these crashes is dways a op sign.  As the vehicle gpproaches the
intersectionthe driver complieswith thetraffic control and comesto astop. Thedriver checksdl directions
of traffic and enters the intersection, where they strike, or are struck by vehiclestraveling on perpendicular
roadways. These crashes are caused primary by faulty perception by the driver; where the driver failsto
perceive the approaching vehicle(s) or they misperceive the velocity or gap to the gpproaching vehicle(s).
The ICAS functions to assure that the driver iswarned of the lack of a sufficient gap to these approaching
vehicdles The ICAS utilizesthe Threat Detection System to track these vehicles provide awarning in the
case of insufficient gaps. The implementation of the ICAS dgorithm is shown in Figure 4-13.
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Perpendicular Paths- Violation of Traffic Control Crash Scenario No. 3

Intersection crash scenario no. 3 is Smilar to scenario no. 2 in that the involved vehicles are
gpproaching the intersection on perpendicular roadways. Contrary to scenario 2 however, the subject
vehicdle in these cases violates the traffic control. The digtribution of traffic control devicesin this scenario
is 53% phased sgnds and 47% regulatory signs. The action of the countermeasuresis different depending
uponthetraffic control. Theprimary fault that precipitatesthe crash in this scenario isviolation of thetraffic
control. The countermeasureis designed to prevent thisviolation of thetraffic control. The manner inwhich
it performsthisisillusrated in Figure 4-14 and described for each traffic control below:

Sop Sgn:

As the ICAS vehicle is approaches an intersection controlled by a stop sign the vehicle must
determine the drivers compliance with the traffic control, and then if the driver hasan acceptable vehicleto
vehicle gap with which to enter theintersection. A driver gpproaching an intersection controlled by astop
sign isaways required to stop, check for agap to proceed, and then traverse the intersection. The ICAS
assures that the driver performs these tasks, and provides warnings when their judgement is faulty. The
ICAS determines driver compliance with the stop Sign by monitoring thea, metric. The a, metric monitors
the vehicle speed with respect to distance to intersection and cal culates the braking effort that is required
to prevent the vehicle from entering the intersection.  Previous driver behavior gudiesin this program have
indicated that driver’ sprovide cues, such asapplying the vehicle brakes, up to nine secondsprior to arriving
at the intersection. This behavior can be captured by monitoring the g, metric. If the value of g, exceeds
0.35g' sawarning is provided to the driver through the DVI.

Once the intersection has been safely traversed by the ICAS vehicle, the countermeasure locates
the next intersection on the roadway and starts caculating distance to intersection, repeeting the process
esch time.

Phased Sgnal:

The processing involved with the ICAS at phased sgnasis smilar to that described regarding stop
ggns. A critica difference is that the requirement to stop at the intersection cannot be known with the
present implementation of the ICAS in the Testbed vehicle. The requirement to Stop at the intersection is
a function of sgna phase. A sgnd to vehicle communication syslem was designed to provide the
gpproaching vehicle with information regarding the present signd phase and the time until the sgnd phases.
This system was omitted from the testbed dueto difficulty in deployment and testing. Thefunctional aspects
of the communication sysem are illudrated in Figure 4-11 on the left Sde of the figure, enclosed in dashed
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lines. Without the signd to vehicle communication system the countermessure cannot warn the driver of the
potentia for violating the traffic control. Instead, the systemn can only warn the driver if they are proceeding
into the intersection with an inadequate gap.

If the countermeasure receivesinput that the driver will perform aleft turn, through the activation of
the left turn signd, then the system can use the threat detection system to access the gap to vehicle
gpproaching the intersection in apardld, but opposite direction. The determination by the ICAS that an
inadequate gap to gpproaching vehicles will initiate awarning to the driver through the DVI.

Thesignd to vehiclecommunication system can provideinformationto the countermeasureregarding
the present signa phase, and the timeto phasing. Thisinformation would be broadcast from each sgnd for
each approaching roadway , dong with intersection 1D information. The details of the message protocol
isinduded in the Task 5 report for this program. With the present sgnd phase and the time to phasing
informationacquired from thesgnal, the requirement to stop for thedriver can bedetermined. If thevehicle,
while maintaining current velocity and direction, can traversetheintersectionin theto timeremaining to sgna
phasng (assuming the signa phase is green), then no warning is provided. If, however, the time is
insufficient, awarning istransmitted to the driver. Thisisequivaent to caculating a, for stop sign controlled
intersections. Whereas the g, for stop signs uses distance to intersection, and then calculates the braking
effort required, the a, for phased signals subgtitutes thetime to signal phase and cal culates the braking effort
required to prevent intersection entry. In both cases the same threshold value is used. When the driver
stops prior to intersection entry, the threat detection system operatesin alike manner as described for stop
sgns, caculaing gpproaching vehicle paths, and determining those vehiclesthat will occupy theintersection
a the sametime asthe ICAS vehicle. This aso happens when the vehicle enters the intersection with the
green Signd phase, and there is no requirement to stop.

Premature Intersection Entry - Violation of Traffic Control - Crash Scenario No. 4

I ntersection crash scenario no. 4 occurs only at intersections controlled by phased sgnaswith left
turn permissive lanes. The accident is precipitated by the entry into the intersection of adriver proceeding
draight acrosstheintersection. Thedriver, through inattention, does not observethat the left turn arrow only
has been activated. Thinking that they dso are dlowed to proceed they enter the intersection, and are
struck, or drike the vehicle making a permitted left turn. The function of thelCASinthiscaseisillustrated
in Figure 4-15. The communication system provides the ICAS with signd phase information, indicating
driver requirement. In this case, with the signd red, with left turn permitted, the ICAS determines that the
driver isnot dlowed to enter the intersection. This violation of the intersection would initiate a warning to
the driver through the DVI. It isimportant to note thet this capability is not implemented within the ICAS
test bed.
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Figure4-14: Crash cenarioNo. 3- Perpendicular Path - Violation of Traffic Control
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5.0 ICASSYSTEM SPECIFICATIONS

This section describes the implementation and testing of a Threat Detection System that includes
radar sensors, a globd pogtioning sysem (GPS), and a geographicd information system (GIS). These
systems were integrated into a test vehicle, and data acquired and processed by the systems were
presented to the driver through audio warnings and a driver vehicle interface (DV1) system that included
a heads-up display. On-road tests were performed and the integrated syssemwas evauated. The Task 5
(1) and 6 (2) reports described the design and development of the elements comprising the integrated
system. Section 5.1 describes the radar-based Threat Detection System, Section 5.2 describes the
GIS/GPS and Section 5.3 the DVI.

The purpose of the ICAS countermeasure (CM) isto prevent the driver of the equipped vehicle,
referred to asthe “ICA Vehicle’ or “Subject Vehide’ (SV), from causng acollison with another vehicle,
referred to as the target or “Principa Other Vehicle’” as both vehicles approach and traverse an
intersection. The ICAS CM includes three primary systems:. the Threat Detection System, the GIS/GPS,
and the Driver Vehicle Interface. The Threat Detection System uses three radars deployed on the vehicle
to warn of vehicles gpproaching on intersecting trgectories. The GISGPS uses a deceleration function,
a,, tomonitor driver reactiontointersections. Lack of driver reaction on approach tointersection controlled
by stop sgnswill cause awarning to be transmitted to the driver. The above systems utilize data derived
from an on-board map database. Information derived from the map includes number and anglesof roads
converging at the intersection and traffic control at the intersection. A Driver Vehicle Interface, conssting
of aHead-Up Display (HUD), audio tone, and haptic brake pulsing is used to transmit warnings to the
driver.

Figure 5-1 illustrates an orthogond intersection of four two-lane roads. The size of the intersection
depends on lane width, number of lanes and the curb radius. The location of the intersection is provided
by a GIS map prepared by Navigation Technologies for this program. The center of each intersection is
identified by alongitude and l&titude. The position of the ICA vehicle is determined by adifferentid GPS
receiver on board the vehicle. Target vehicles arelocated by the sensor(s) (radar in the current system) on
board the ICA vehicle. Figure 5-1 indicates the distances to enter and exit the intersection from which,
aong with target measured speed and accel eration, the intersection entry and exit times are predicted.
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From the overview of the countermeasure systems given above note that

+ the"a,” and active sensor warning systems are independent of each other;

» the active sensor system is independent of the type of sensor, as long as the sensor's
measurements provide sufficient information to predict intersection entry and exit times,

 the countermeasure system that warns of Smultaneous occupancy of anintersectionisdifferent

than one based on time-to-collison (the latter is not consdered herein);

» theintersection collison countermeasure does not cover dong-the-route collisons, collisons

with cars backing out of driveways and rear-end collisons; and

» theintersection collision countermeasure described above requires on-board GPS, GIS and

SENSors.



5.1 Threat Detection System

The current system has evolved over the past 4 years. In Task 4, an early intersection dynamics
amulation usng smulated traffic was developed to ad in determining radar ranges, radar range rates,
bearing angles and bearing rates from ICA vehicle to target. In Task 5 aradar system was designed that
observed the entire forward threat sector with a Sngle rotating antenna. However, development of the
system was estimated to be much too costly. Consequently, a Commercia-Off-the-Shelf (COTYS) radar
system was investigated that required dividing the forward threat sector into three subsectors covering the
principa threat directions (left, right and straight ahead). One of the three radars scans one of the
subsectors. One copy of the system was purchased as a first step towards a partia but cost-effective
solution. Proof-of-principa tests conducted in Task 5 with the single radar system indicated very
satisfactory performanceand that the sensor had the potentia to beintegrated with other mgjor components
(GPS, GISmap). Both moving and static on-road testswere conducted with afixed and scanning antenna.
An extensve smulétion of targets, tracker and collison warning dgorithm was developedin MATLAB®
asadesgnad.

InTask 6, two additiona copiesof the COTSradar system were purchased and antennaplatforms
were designed and devel oped to point and scan the antennas over the three principa threat subsectors.
(Noteit is not possble to scan the antenna of asingle COTS radar system over the entire threat sector of
approximately 180° and maintain a satisfactory update time of 0.1 sec or less). Red-time processing
software was devel oped and the radar sensors, GPS and GIS map were integrated into avehiclefor on-
road testing. Thesmulation was modified to accept target datarecorded during on-road tests. Thisalowed
non-redl-time tracker and system performance evaluations using actual data. It aso alowed the
development of specia logic to accommodate specific traffic Situations (see Section 5.1.6). Thered-time
processing in “C” code was modeled after the non-red time MATLAB® program.

On-road testswith various components of theintegrated system operationd beganinlate February
1999 over thedigitized map routes. Thefirst runwith theintegrated system compl etely operationa occurred
on June 2, 1999. These tests continued through late July as parameters were adjusted, errors corrected
and system performance evduated. Some collison warning logic was added/modified in response to
specific traffic Stuations that were encountered. System evauations are found in Section 5.1.7.

5.1.1 Design Overview

The guiddines that were followed in designing the on-vehicle ICA system were:
» gystem should not rely on systems on other vehicles;
e minimum reliance on infragtructure;

* minimize crash severity if crash can't be completely avoided;



» system should operate in dl wegther; and

* maximize use of intersection parameters derived from on-board GIS map and GPS.

A highleve system architecture is shown in Figure 5-2. Asindicated, the system uses three radar
systems to scan three principa threat sectors: |eft, center and right. Alsoindicated in Figure 5-2isaDGPS
receiver. The GPS provides the location of the ICA vehicle at an update rate of about 10 Hz. Other
features of the ICA system architecture shown in Figure 5-2, include a Kalman Filter/Tracker which
provides atrack on each valid target, a GIS Map which identifies an intersection in terms of itslatitude and
longitude, awarning dgorithm which issues warnings to the driver of the ICA vehicle if the time that the
|CA vehicleis predicted to occupy the intersection overlaps with the time that any target is predicted to
occupy the intersection. In addition, specid logic that responds to specific traffic Stuations, target
characteristicsand ICA vehicle signas has been added to the basic warning agorithm (see Section 5.1.6).
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5.1.2 Operation Overview

The implementation of the on-board threat detection system utilized three off-the-shelf headway
radars. Each antennais mounted on acomputer controlled servo platform. The left and right antennas are
pointed aong the left and right cross road respectively with asmal scan pattern in azimuth superimposed
to improve angular coverage. The antennaiis pointed to the intersection of the centerline of the crossroad
and amaximum range radia from the radar. Since theintersection of these linesmoves asthe ICA vehicle
approaches the intersection, the antenna pointing is caled “dynamic pointing” (see Section 5.1.4).

Figure5-3illusrates ared-time scenario asthe | CA vehicle encountersintersections along aroute
that has been digitized into a GIS. As the ICA vehicle approaches an intersection, the two side-looking
antennas rotate from a standby position towards a point (the “control point”) defined by the intersection
of afixed length radid from the gppropriate radar with the center of the cross road to the I eft (for the left
radar) or the crossroad to the right (for the right radar). The control point dides along the cross road and
away from the intersection as the ICA vehicle moves toward the intersection (see Figure 5-3). As
previoudy mentioned, this controlled pointing of the antenna, is caled “dynamic pointing”, and directsthe
antenna toward the cross road traffic threats. Sincethe radar beamwidth is4°, the observation of the cross
road directions must be supplemented with asmal sector about the dynamic pointing angle (the scan angle
istypicdly 0 to 10° or 20° and does not have to be symmetric about the pointing angle). The scan pattern
is entirely controlled by the antenna platform motion controller which is described in Section 5.1.4. For
gatic stuations with the ICA vehicle at the edge of the intersection (as if waiting for asignd), theantenna
pointing angles are in the range of 80°-90° for an orthogona intersection. Note that, for intersections such
as “junction left” (see Figure 5-3), the right radar remains in the standby position since there is no cross
road to the right (Smilarly, for “junction right” intersections, theleft radar isin astandby mode). While the
scan platform’s motion controller canaccommodate any scan paitern, establishing apointing and scanning
pattern that provides good coverage of the observation sector was anon-trivia task.

The center radar covers the sector ahead of the ICA vehicle and observes approaching traffic for
aleft turn either by the target or the ICA vehicle; only asmall scan about apointing angle of afew degrees
(see Figure 5-3) isrequired.

Figure 5-4 shows the radars mounted on a Veridian (previoudy Caspan) test vehicle configured
by Veridian engineers. (Testing with thisvehicle, a Taurus, preceded the purchase and implementation of
the Crown Victoriatest bed.) The radars on the car’s roof observe the cross roads while the bumper-
mounted radar observes oncoming traffic.
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5.1.3 Radar Sensor

The sensor sdlected for the ICA application is radar (as opposed to lasers, for example) because
of its dl-westher capability, and because of the relative availability of systems and components. Three
COTS headway radar systems were purchased and adapted it to the ICA task. The system sdlected was
the EATON/VORAD radar, model EVT-200.

The VORAD radar was not designed for this application but has proven to be a reliable, cos-
effective sensor that allowed the development of the entire systlem including the integration of a GPS and
aGISmap. The VORAD radar isa*“range-on-doppler” type, so caled because arange rate, or doppler
sgnad must exist between radar and target before range is calculated. Furthermore, the antenna produces
a fixed beam which must be mechanically scanned. The scan platforms are described in Section 5.1.4.
Tests to assure that there was no mutua interference between the three radars were performed on the
Veridian test track (see Section 5.1.7.2).



Some of the VORAD radar parameters follow:

Type FMFSK
Frequence (GH2) 24.7
Max Insrumented Range (ft) 395
Range Resolution (ft) 16
Ve ocity Resolution (fps) 0.3
Azimuth/Elevation Beamwidth (deg) 4/5.5
Update Rate (Hz) 10

5.1.4 Antenna Scanning and Pointing Control

The three radar sensors mounted on the ICA vehicle (or SV, subject vehicle) are independently
controlled and scanned to maximizethe coveragefor each radar. Theforward-looking radar was scanned
from directly forward to 5 degrees l€ft for dl tests. This proved adequate for thetest area, but ascanning
agorithmamilar to that used by the sidelooking radarswould need to be devel oped for intersectionswhere
the center road is not an extension of the road the SV ison asit approachesthe intersection. The scan for
the two side looking radars is computer controlled based on the SV’ s distance to the intersection and the
geometry of the intersection retrieved from the map database.

The sde looking radars are scanned based on an dgorithm which maintains the radar pointing at
acontrol point on the roadway whichis 390 feet from the radar (refer to Figure 5-3). From this control
point, the radar is scanned toward the intersection 10 or 15 degrees. The control point iscaculated every
100 msec., however the radar is commanded to move only at the end of each scan. The commanded
pointing angle is caculated so that at the end of the outward scan, the radar will be pointing at the control
point. Thisangleis caculated using the current vehicle velocity, scan rate (20 deg/sec), and the 390 foot
range. Leading the radar angle based on the scan rate and vehicle speed prevents the radar from fdling
behind in the scan pattern due to the vehicle moving towards the intersection. Similarly, for the inward
portion of the scan, the command angleis determined so that theradar ispointing 10 or 15 degreesin from
the control point. The command anglesareaso corrected for changesin thevehicleheading. For example
if adriver stopsat an intersection with the vehicle heading 10 degreesfrom theroad heading (e.g. preparing
to make aright turn) the radar scan angles will be compensated and the scan will till point to the control

point.

The side looking radars are only scanned when the SV is within 300 feet of the intersection. At
distances greater than 300 feet the radars are positioned at 31 degrees. The VORAD radars have an
effective range of 395 feet and do not provide useful information at distances from the intersection grester
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than 300 feet. The sde looking radar scan platforms are capable of looking from directly ahead to 160
degrees behind the vehicle. The forward looking radar can scan +/- 40 degrees from the vehicle center
line.

Figure 5-5 shows atypica scan for the left radar as the vehicle gpproachesthe intersection. The
initid pogition of the radar is at -31 degrees. This angle is a relaive angle from the vehicle' s heading.
Negative angles areto the left and pogitive angles are to the right when looking forward. When the vehicle
is 300 feet from the intersection the radar begins to scan outward. At gpproximately 421 seconds, the
vehide is stopped a the intersection and the radar maintains a 15 degree scan. The symbols on this plot
represent detections from the VORAD radar and indicate that there are about 5to 15 returns from each
target vehicle hasit passesthrough theradar beam. Thetracker requiresat least two detectionsto establish
atrack and severa detectionsmay berequired to accurately determinethevehicle saccel eration. Thefixed
sample rate of the VORAD radars (10 Hz) limits the scan rate to about 20 degrees per second. For this
scan rate, ascan of 10 to 15 degrees was found to be optimum. A smaler scan did not provide enough
coverage, and larger scan resultsin too long of atime period between scans.

1072199 1vle ange
-0 1701

angle (deg)

| 180
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Figure5-5 Typical Scan Pattern, Left Radar Antenna
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5.1.5 Tracker/Collison Avoidance System

The block diagram of the ICA system shown in Figure 5-2 indicates atarget tracker. (The tracker
was designed and developed by Veridian.) A tracker isnecessary to obtain agood estimate of thetarget’s
current state so that thetimethat it will occupy inintersection can be predicted. On the other hand, thetime
that the ICA vehicle will occupy an intersection must aso be predicted, but atracker is not used. Rather,
acongant accel eration trgectory from its present position isassumed from which thetime to enter and exit
an intersection is caculated.

Figure5-6isablock diagram of thetracking processand isgenerdly typica of amultitarget tracker
(3). Inthistracker, detections give birth to a“candidate” track. Each candidate track can be promoted to
atrack which ismaintained until deleted. Detectionsfrom the radar are used to update thetracks at theend

i Tracks
Candidate
i Tracks Predicted
Candidate Time to
) Tracks y| Update Track Enter and
Rad Detections| | Association (Kgldman Deletion g Exit
adar Ll Logic R - .
Tracks Tracker) Tracks Logic Intersection
¢ De:/evcl:t:?ons ¢ Predicted Predicted
; Time
Deleted Deleted Times from
Cand|date Tracks Deleted
Tracks Tracks
Y
Predicted | pregicted i -
Time that Warmning if Target and ICA

Times
ICA Vehicle | Compare |—> Vehicle Predicted to Occupy
will Occupy Intersection Simultaneously

Intersection

Figure 5-6 Collision Avoidance System Block Diagram Showing Tracker Logic

of each processng interva. “Association” logic tries to associate the various detections (from multiple
targets) with the track representing the appropriate target. The Kalman filter predicts a new date (eg.,
position) of each track or candidate track based on previous updates. A “gate’ is placed around the
predicted positions and logic is used to determineif the detection iswithin the gate and hence is associated
with the track. This process becomes complex when there are multiple closely-spaced tracks, each of
which may clam a detection, or when more than one detection fals within a gate, or no detections fall
withinagate. Most gates are generadized in the sense they gate in more than one dimension, e.g., position,
Speed, accderation, etc. The gate currently used in the ICA tracker isa“maximum likelihood gate’.
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Asimplied by Figure 5-6, association logic and principa stagesin track life for the ICA tracker
are

» |If adetection does not fal within the gate of an existing candidate track or track, a new
candidate track is formed.

» |f adetection does not associate with any candidate track, the candidate track is deleted.
» If acandidate track does associate with adetection, it is promoted to a track.

» If atrack does not associate with any detection for some specified number of updatesiit is
maintained, or “ coasted” onitscurrent trgectory for aspecified number of updates after which
it isdeleted. In the coast mode the last update of state variablesisretained. Thetrack remains
ready for an association.

» If atrack isdeleted, the predicted times to the intersection can be held resulting in awarning
extension for a specified time (typica sdections are 0-5 sec). This helps radars with limited
angular coverage providewarningswhen thetarget isnolonger observed. Thefestureissmilar
to coasting except that atrack does not have to be maintained. (The feature was not used in
the on-road evauations). The predicted time extension would not be necessary with a full
coverage system.

» A track isddeted if it has a gpeed that is too negative (e.g., less than -10 fps) indicating an
“opening” target. (Targets with closing ranges generate “positive’” speeds in the tracker.) A
track is dso ddeted if its speed is unreasonably large (for a car) or its (x,y) postion
unreasonably large with respect to an intersection and its roadways.

The Kdman filter isdiscussed in many references (4). The State variables sdected for the Kaman
filter areposition (x,y), speed (S), and accderation (S ). The measurement vector isrange (R), range rate
(R) and bearing (Q ). A typicd “North and East” coordinate system is centered at the ICA vehicle. A
plan view would indicate North as x, East as'y and bearing as the pointing angle of the antenna. The
Kadmen filter implemented is an “extended” Kadman filter* which accommodates the non-linear
measurement matrix relating target state and radar measurements. Theinputsto the Kaman filter are radar
updates processed by the association logic. The output is an updated estimate of the target State vector.
Fromthis state vector of position (distance to center of intersection) speed and acceleration, the predicted
times to enter and exit the intersection are computed.

As mentioned earlier, the time that the ICA vehicle is predicted to occupy the intersection is
determined by knowing its present position (from GPS) and assuming a constant acceleration trgectory
aong theroad onwhichitisapproaching theintersection (see next section). Thecaculationsof ICA vehicle
predicted times into and out of the intersection are modified in response to certain driver intensons, eg.
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aleft turn, right turn or no turn. In addition, specid logic isused to inhibit or enable warnings depending on
target and ICA vehicle Stuations. These will be discussed in the next sections.

5.1.6 Countermeasure Warning Algorithms

Warnings for the countermeasure system are based on the predicated times that the ICA vehicle
(SV) and target (POV) will occupy the intersection. |f both vehicles are predicted to smultaneoudy
occupy theintersection, awarningisprovided to the SV’ sdriver throughthe DVI. Warningsare calculated
and updated for every output of the radar, approximately every 100 msec. The DVI isactivated if there
isawarning on any of the three radar systems. The system has the capability to use different frequency
audio warnings during system testing to aid in determining which radar is generating the warning.

Thetimesfor the SV to enter and exit theintersection are ca culated from the current position and
velocity of the vehicle. A nomind velocity and accderdtion is assumed for the driver’ sintentions. If the
vehide isbelow thenomina veocity, it isassumed to accelerate at the nomind acceleration until it reaches
the nomind velocity. Conversdly, if the vehicle is above the nomind velocity, the vehicle is assumed to
decelerate a the nomina accderation until it reaches the nomind velocity. This velocity / acceleration
profileis easly rationdized for an SV stopped at an intersection and waiting to enter. The driver would
accelerate moderatdy, but not indefinitely and limit the velocity to a moderate speed. If the SV is going
to traverse an intersection without stopping, it is assumed the driver would traverse the intersection a
moderate speed, acceerating or decdlerating to achieve that speed.  For dl tests, anomina velocity of
40 feet/sec (27 mph) and anomina acceleration of 4.83 feet/sec? (0.15 ¢'s) was used. These vaues (user
inputs) were not extensively tested, but seem to give acceptable results, and were representative of actua
performance over the GIStest area. A more sophisticated agorithm may be useful for future systemsto
better predict SV moaotion.

For the POV’s, the position, velocity, and acceleration from the tracker are used to calculate the
time to and out of the intersection. To determine the times, asmple equation for one-dimensiona motion
with congtant acceleration is solved.

The turn sgnd indicators on the SV are monitored to determine the intended path of the SV
through the intersection. The path through the intersection determines the distance the SV mugt trave to
clear theintersection and therefore determines the time the SV occupiesthe intersection. A right turn has
the shortest distance and alleft turn has the longest distance. The turn signas o have additiond effects
on the warnings as described in the following paragraphs.

The dtate of the countermeasure system is determined by the range to the intersection, the type of
intersection, and the state of the SV turn Sgnds. The range to the intersection is updated every 100 msec
and calculated based on the current position of the SV and the location of the intersection. The position
of the SV, the location of the intersection, and the type of intersection that the SV is approaching is
determined by the GISDGPS system and provided to the countermeasure system. The countermeasure
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system recognizes four types of intersections. Tee, Quad (4-way), Junction Right, and Junction Left. (A
4-way and ajunction left intersection are shown in Figure 5-3.) The countermeasure system remains off
until the SV iswithin 500 feet of theintersection. At this point the system isturned on but the warnings are
disabled. Thisdlowstimefor thetrackersto initidize, but no warnings generated would be vaid sncethe
intersection is dtill outside of the radar range. At 350 feet from the intersection the warnings are enabled
until the SV passes through the intersection.

Thetype of intersection determines which radars are active and therefore can generate warnings.
For example, at a Teeintersection, thereisno road in front of the SV and the center radar countermeasure
isturned off. Similarly, theleft radar countermeasureisturned off & ajunction right intersection. All three
radar countermeasures are operationd at a quad (4-way) intersection.

Additiond |logic hasbeen added to reducefasedarms. Under certain combinationsof intersection
type and SV intended path, the POV may not be a threat. This logic is based on SV turn sgnds,
intersection type, and intended action by the POV as indicated by the deceleration of the POV and is
different for each radar asfollows (Figure 5-7 illustrates the different Stuations):

» Left Radar (observestraffic on left crossroad, Figure 5-7a)
— 4-Way Intersection. SV makes:
» Left Turn, No Turn, Right Turn:
No warning if POV isdecelerating morethan aprescribed amount. (A
decderation threshold of 3ft/s'sisauser input) Thisindicatesthat the
POV isdowing to make aright turn, or stopping and is not a threst.
— Junction Left Intersection. SV makes:
e Léft Turn, No Turn:
No warning if POV decd erates, otherwise warning.
— TeeJdunction. SV Makes:
e Léeft Turn, Right Turn:
No warning if POV is decelerating
*  Center Radar (observe oncoming traffic in adjacent laneg(s), Figure 5-7b)
— 4-Way Intersection. SV makes:

o Left Tumn: No warning if POV isdecderating. Thisindicates that the POV will
make aleft turn and is not a threat. Otherwise, warning.

* Right Tun: No warning if POV isnot decdlerating. Thisindicates that the POV
will not make aleft turn and isnot athreet. 1f the POV isdeceerating
aturn by the POV isindicated and awarning will occur. If the POV
turns left the warning is correct; if the POV turnsright thetarget isnot
a threat and the warning is fase. However, the false darm will not
cause acollison.

e No Turn: No warning if POV is not decelerating This indicates that the POV
will not make aturn and is not a threat.
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— Junction Right Intersection. SV makes:
e No Turn: Warning if POV is decderating. Indicates possble POV left turn
across path.

* Right Tum: No warning.
* Right Radar (observes traffic on right crossroad, Figure 5-7¢)
— 4-Way and Junction Right Intersection. SV makes:

*  No Turn: No warning if POV isdecderating. Thisindicates that the POV will
make aright turn and is not a threet.

* Right Tum: Warnings areturned off if SV making right turn. No threstsfromright
roadway when SV is making right turn or sopping

— Teelntersection. SV Makes

* Right Turn: Warning off. No threatsfrom right roadway where SV makesaright turn
o Left Tumn: No warning if POV is decderating.

Using POV deceleration as an indication of the POV’ sintended path has limitations and may not be
a aufficient basis for decisions by the countermeasure syslem. Empirica testing showed that a car
decderating at greeter than 3 ft/gsislikdy to either sop or make aturn. Theproblemisthat theturn could
be ether aleft or right turn. A car gpproaching from ahead of the SV making no turn is not a threet if it
makes aright turn, but is a threat if making a left turn across the SV’s path. If the radar had the angular
resolutionto determinewhich lanethe POV wasin, thiswould indicatewhich turnitintended to make. This
however would only work for multi-lane roadways. Additional study is required using the SV test bed to
determine if another metric can befound that predicts POV turning intentionsand isrdliable enough to base
countermeasure warning decisons on.

Further modificationsto the basic warning dgorithm (warn if target and ICA vehicle are predicted
to occupy intersection smultaneoudy) were found desirable in severd traffic Stuations. Condder the
scenario wherethe | CA vehicleisstopped at an intersection. Crossroadstraffic will create warningsbased
on the assumption that the ICA vehicle might start up and prematurely enter the intersection, even though
the driver may be engaging the brake. A more reasonabl e rational e was adopted which inhibited warnings
if the ICA vehicle brake was applied when it ismoving dowly and it is dlose to the intersection. Within the
“close and dow” boundary (as an example, one pair of user-defined inputs tested was 20 ft. from the
intersection edge and moving lessthan 5 ft./sec.) applying the brake inhibited the warning derived from the
prediction of Smultaneous occupancy. Releasing the brake enables the warning. Figure 5-8 illusirates the
gtuation. Outsdethe“closeand dow” boundary, the ICA vehicle may be moving so dowly that even with
adriver reaction time ddlay it can easily stop if threats werevisualy observed. Consequently, “easy stop”
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logic wasimplemented which, when active, inhibitsthewarning. Thislogic specificaly counterstheannoying
warnings that occur when the ICA vehicle which is beyond the “close” boundary is in a queue that is
gradudly approaching an intersection. Without this logic cross roads traffic observed by the side looking
radars would cause warnings even though the targets represent no threst.

Intersection \

/ Edge of Intersection
/ Close and Slow Boundary

Brake On: Warning Inhibited
Brake Off: Warning Enabled

I
|

Easy Stop Logic or Simultaneous |
Occupancy of Intersection Warning T

@ ICA Vehicle

Figure5-8 Sketch of Intersection Showing Special L ogic Boundaries

5.1.7 System Evaluations

5.1.7.1 Methods and Performance Measures

Intermediate evaluations of various components of the system, as well as evauations of the
integrated threat detection system were first performed on the Veridian test track (VERF) located behind
the main Buffdo facility. Section 5.1.7.2 lists and discusses some of the quantitative evaluations performed
on the test track. Following initia evaluations on the VERF, on-road tests were performed. While some
guantitative evauations are possible (and were performed) on the test track by isolating a target or
measuring itslocation by driving over a pressure gtrip of known location, that isnot possibleintraffic. The
primary eval uation tools used in on-road tests were video cameras whi ch recorded the scene that the radar
sensors observed. While warnings can beidentified and the target’ s position determined by theradar, no
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independent measure of the target’s position is available. Resources did not permit the use of an
ingrumented target in traffic. Nevertheess, evauations using the video data proved very effective.

5.1.7.2 VERF Tests

Figure5-9 showstheVeridian Test Track. Testsperformed onthe Veridian test track (VERF) and
some brief results'comments include:

Figure5-9
Veridian Test Track Facility

 initid checkout of dl hardware and software;

» test for mutud interference between the three radars (none was found);

* radar evauations (range and doppler accuracies); and

» tracker performance

— asgngle track on a single target was observed to split into two or three tracks a close

range (100-150 ft.). Thisis probably due to the high velocity resolution of the radar (1/3
fps) or doppler scintillation occurring as the target fills more of the beam at close ranges.
Logic was used to eiminate spurious tracks if they were close enough in distance and

speed to the primary track.
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— range and rangerate accuracieswere checked by driving asingletarget towardsthe sensor
on the VERF track instrumented with pressure strips. The range rate was also compared
to that observed with a police radar speed gun. In both cases the range and range rate
were within the specifications of the radar. However, cdibraion coefficients were
developed for range using a least squares fit to the data collected during the tests. The
coefficientswere not sufficiently stable over adl conditionsto warrant their use (see Section
6.1).

. warning on and off times

— withameasured intersection painted on the track and the track instrumented with aseries
of pressure strips which record the position of the target as it passes over them, warning
on and off times were compared to when the warning should actualy have turned on and
off. A sketch of the test procedure and results are presented in the System Validation
section of Section 6.

. testing of speciad countermeasure logic such as easy stop, brake, turn sgnd and destination

logic (see Section 5.1.6).

5.1.7.3 On-Road Tests

Evdudtions of the integrated system were performed in traffic on the road with sdlected drivers
fromthe project staff. A 30 square mile area of roads and intersections near Buffalo, NY was compiled
by Navigation Technologiesinto a high-resolution GIS database map. The location of intersection centers
and road segments are defined by their latitude and longitude. A map of the digitized area is shown in
Figure 5-10. The area is bounded on the north by Greiner, east by Ransom, south by Walden and west
by Trandt. As can be seen, there are a large number of intersections including 4-way intersections,
junctions left and right and T's. Not al, however, are heavily traveled. Appendix A contains a table
summarizing the tests over the GIS test area.  Results from selected intersections are presented in this
section. One of the most heavily traveled routes with 4 mgor intersections and 7 minor intersections is
Harris Hill Road from Pleasant View to Main. The next section presents datafrom theintersection of Harris
Hill and Wehrle.
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Figure5-10 Map of Test Area Digitized Into GIS Database

5.1.7.3.1 Intersection of Harris Hill and Wehrle

This sample result of the system evauations uses radar and GPS data recorded as the Calspan
Instrumented Vehicle (CIV) approaches on Harris Hill and stops at the Wehrle Drive intersection. Figure
5-11ashowsthe position of the CIV at varioustimes. The position at selected times of threetarget vehicles
that were detected and tracked by the left and right radars are aso shown. Figure 5-11b showsthe video
screen that was recorded smultaneoudy with the radar and GPS data. As indicated, the radar pointing
angles with respect to the CIV’s longitudind axis are shown on the video screen dong with time and the
CIV’ sdigtanceto theintersection center. Threevideo cameras show theintersection asviewed by thethree
radars. The time slamp alows correlation of the radar and GIS data with the video.
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Postion of CIV with Time and Video Snapshot of Targets
at the Intersection of Harris Hill and Wehrle Drive, Buffalo, NY
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Fgures5-12athrough 5-12d show thetargets tracksof distance (y) from target to intersection center
and resultant warnings for the left and right radars. For the left radar, the track distance to theintersection
decreases from about (-)330 ft. to about (+)25 ft. crossing the intersection center at about 334.7 sec. A
warning from the left radar was obtained (see Figure 5-12b) based on an assumption that the CIV might
dart up, violate the stop light and prematurdly enter the intersection; in this case, both the target and CIV
would be predicted to occupy the intersection smultaneoudy. (Note, the warnings are depicted as a bar
whenon. Theverticd scaleistrack identification.) Thiswarning isdisabled in the redl-time system because
the CIV is stopped with the brake gpplied, thus diminating the annoyance of having the audible warning
on when the ClV is stopped. (In the example of Section 5.1.7.3.2, warnings with and without brake and
other gating are shown.)

In Figure 5-12c, the crossroad tracks of threetargets gpproaching from theright are shown aong
withthe associated warnings (Figure 5-12d). Thetruck target was shownin thevideo of Figure5-11b. Its
speed and distanceresult in aprediction that it will barely enter theintersection before the CIV isestimated
to exit theintersection. Hencethewarning isvery short. Sncethe CIV isactualy stopped at thistime, these
warnings would be disabled until the brake is released in the redl-time system.

In Figure 5-12e and 5-12f the tracks of many targets observed by the center radar are shown as
they approach the intersection in the opposing adjacent lane across the intersection and stop in line & the
light. (Note that thisis the x direction (see Figure 5-114).) Since the CIV wasfirst in line, the center radar
clearly observed and initidly tracked the approach of these vehicles. However, the more distant targets
quickly became masked by the closer targets as they dl gpproached the intersection. The video sngpshot
shows only the first cars in line. None of the near targets made any turns, but a number of warnings
occurred asthe CIV and targets gpproached the intersection. However, of those in the time segment 310-
345 sec., dl warnings were suppressed in the real-time system except warning number 19, because the
CIV was stopped with the brake applied. Warning number 19 occurred asthe CIV and opposing traffic
darted to move into the intersection following the changing of the sgnd.

Figure 5-13 shows the combined warnings of the left and right radar. A subgtantial gap exists
between the warning from blue van (right radar) and the tan SUV (l&ft radar). During this gap, the ICA
vehide with nomina accderation of 0.15 g could safely crosstheintersection, if it wereto violatethesignd.
It would exit the intersection before the cross road traffic entered the intersection.
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Sdlected Radar Derived Data for HarrisHill and Wehrle Drive I ntersection, Buffalo, NY
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Figure5-13
Combined Warnings L eft and Right Radars, Harris Hill and Wehrle I ntersection

5.1.7.3.2 Intersection of Sony Road and Genesee Street

As can be seen on the map of Figure 5-10, thisintersection isa“T” when gpproaching Genesee
on Stony. Consequently, only the left and right radars are tracking targets. Another difference from the
previous exampleisthat al of the specid countermeasurelogic described in Section 5.1.6 wasingtdled for
thisrun. The cumulative effect of thislogic is summarized asa” gate’. Consequently, there will be warning
plots with and without the gate, the latter smply being the warnings associated with the basic agorithm of
smultaneous occupancy of the intersection by ICA vehicle and target. Figure 5-14a shows the X, y
postions of ICA vehicle and severd targets at various times. Figure 5-14b is a snapshot of the video
showing thetargets observed by theleft and right radars at atime of 385.8 sec. During theinterval 365-400
sec., 13 tracks were obtained from the left radar, 5 of which were of zero velocity, probably from clutter.
Figure5-15ashowsthey positionsof thetrackswhile Figures 5-15b and 5-15¢ show thewarningswithout
and with the logic gate. Most of the target tracks in the time interval 365 to 380 sec. result in very
abbreviated warnings as can be seen from Figure 5-15b. There are two reasons for this. Firs, the ICA
vehide up to that time was sufficiently far from the edge of the intersection that by thetimeit was predicted
to enter the intersection, the target track predicted the target to have exited the intersection. The second
reason is that the target was not detected soon enough resulting in the aforementioned target exit time
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(b) Video Snapshot of Targets as Observed by Left (LRAD) and Right (RRAD) Radars

Figure5-14
Position of ICA Vehicle and Video Snapshot of Targets
at Inter section of Stony Road and Genesee Street
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(b) Warnings Without Gate, Left Radar

Figure5-15. Radar Tracks, Warnings, and Warning L ogoc for Selected Interval at
I nter section of Stony Road and Genesee Street
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Figure5-15. Radar Tracks, Warnings, and Warning L ogoc for Selected Interval at
I nter section of Stony Road and Genesee Street (continued)
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Figure5-15. Radar Tracks, Warnings, and Warning Logoc for Selected Interval at
Inter section of Stony Road and Genesee Street (continued)
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I nter section of Stony Road and Genesee Street (continued)
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prediction. The late detection can be seen on Figure 5-15a where many of the target y postions start
betweeny = -250to y = -150 ft. (instead of -400 to -300 ft.). The late detection can be caused by the
target not being observed because of the limited angular coverage of the antenna scan pattern. (A wider
scan angle and faster scan rate would improve the Stuation. The faster scan rate, however, cannot be
tolerated by the VORAD radar system because of its fixed update rate). At about 380 sec., the ICA
vehicle moved closer to the intersection and a clear warning was obtained on the red pickup shownin
the video of Figure 5-14.

Figure 5-15¢ shows that the effect of the specid gating logic on the basic warnings is minimd, in
this case. Only for track one is the onset of the warning sgnificantly ddlayed. This is because the ICA
vehideisinitidly far enough from theintersection edgethat it isoutsde the“ close and dow” boundary (see
Section5.1.6) and the easy stop logic isin effect and blocks the onset of the warning. Figure 5-15d shows
abinary (on/off) timeline of thelogic. Thetop traceindicateswhenthe|CA vehicleiswithin thecdoseand
dow boundary (yes). The easy stop logicisindicated in the second trace. When active (yes) it inhibitsthe
warning. The brake inhibits al warnings from 380 to 383 sec. While this diminates the brief warning on
track 10, it has no effect on the warning from the red pickup since that occurs after 383 sec.

For the right radar, 8 non-clutter tracks occurred (Figure 5-15€) which resulted in the warnings
shown in Figure 5-15b. Theinitid detection range was dightly better than for the left radar, perhaps due
to amore fortuitous combination of scan angle and target position. Nevertheless, warnings are brief until
the ICA vehicle moves closer to the edge of the intersection after about 380 sec. A sgnificant warning is
obtained on the green car (track 5) shown in the video of Figure 5-14b. Figure 5-15g shows the effect of
the gate logic on the basic warning agorithm. The warnings from tracks 1 and 3 are diminated while the
warning from track 2 is sgnificantly delayed due to the easy stop logic blocking the warning. The same
warning logic plots of Figure 5-15d apply to theright radar.

Note that the turn signd function shows no turn sgna was on during thetime interva shown, even
though thisintersectionisa“T” and aturn must be executed. Theturn Sgna wasinadvertently not engaged.
This affects the time predicted for the ICA vehicleto occupy theintersection snce aturn takeslonger than
going straight acrosstheintersection. However, the effect was quitelikely to beminimal. (1t should be noted
that for al types of intersections, the collison warning system depends onthe driver of the ICA vehicleto
engage the correct turn sgnd.)

5.1.8 Limited Coveragevs. Full Coverage System

It has been well established in thisreport that a conscious decision was madeto develop apartid,
cogt-effective solution to the ICA problem, rather than a complete solution. The primary bendfits of this
gpproach include:

» high probability that integration of the radar sensors with the GISGPS and its testing will be
redlized and evauated; and
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» identification of traffic Stuations that are difficult regardless of the type of system.

The mgor difference between the complete and partiad solutionsisthe coverage, in azimuth angle,
of the threat sector. The limited coverage system is a 3-radar system. One design of the full coverage
systemutilizesaradar with arotating back-to-back antenna. Another might utilize 2 or 3smal phased array
antennaswith eectronicaly scanned beams. A comparison of the expected performance of the three-radar
systemthat wasimplemented on this program and an on-board system with full angular coverageis shown
inTable 5-1. For Scenario 2, wherethe SV isstopped at an intersection, the limited coverage system with
each side-looking antenna having a small scan superimposed on an appropriate pointing angle should
perform very well. (Note: illugtrations of the scenarios are given in Section 3.) For Scenario 1, where the
SV intendsto make aleft turn across oncoming traffic, the SV’ sleft turn Sgnd must be onto activatelogic
which senses that the oncoming traffic is not decelerating and thus represents a threet to executing a left
turn. For the case wherethe SV intendsto go through the intersection, the deceleration of any target in the
inner lane probably indicates it intends to execute aleft turn across the path of the SV. Consequently, the
ICA sysem must sense (1) deceleration of atarget and (2) lane occupied by the decderating target (a
decd erating oncoming target in an outer laneis probably making aright turn and is not athreet to the SV).
Physicd gze limitations of the antennas for the limited coverage system and the full coverage syslem may
make lane discrimination difficult because the beamwidth is too large. Beam splitting techniques such as
monopulse radar may help. Without lane discrimination, decderation of any target would cause awarning
whichmay be afdsedarm if thetarget is executing aright turn. (Note the false darm, while annoying, will
not result a collison).
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Table 5-1 Comparison of Expected Performance of
Threat Detection Systems for Different Scenarios

Expected Performance

Scenario Situation Figure Limited Full Comments
Coverage® Coverage®
System (3 System
radars)
2 SV® stops at 3-2 Good Very good Limited Coverage® System will
intersection require scanning to accommodate

all traffic situations.

1 SV makes 3-1 Good Very good Oncoming targets will produce
LTAP? of warning® even if SV not executing
oncoming targets LTAP. Therefore, must enable

warning with left turn directional
signal.

1 Target makes - Marginal Good Must measure deceleration of target
LTAP of SV to distinguish target’s turn intention

from straight ahead intention. Better
angular accuracy of full coverage
system will improve lane
identification for discrimination of
target’s intention to turn left or right.

3 SV and target 3-3 Marginal Very good Changes in bearing result in minimal
approach observation of target by limited
intersection coverage system.

Footnotes: (1) SV = subject vehicle = radar vehicle = ICA vehicle
(2) LTAP = left turn across path

(3) Warning occurs when target and radar vehicle (SV) are predicted to simultaneously occupy the intersection.

(4) Limited coverage system is 3 narrow beam (4°) antennas; one points left, one straight ahead, one points
right. Full coverage system observes entire forward threat sector with rotating 1° antenna.

The mogt difficult scenario for the limited coverage systemis No. 3. The limited coverage system
implies that threatening cross road targets may dip through the angular coverage. This has been observed
with the limited coverage system implemented on this program.

The current 3-radar system more than satisfied the expected performance indicated in Table 5-1
and improvements cited in Section 5.5 would significantly reduce system deficiencies.

5.1.9 Lineof Sight Issues

The line of sight (LOS) from the side looking radars to cross roads targets can be limited by
buildings or trucksin lanes adjacent to the ICAS vehicle. Thisisreferred to as masking. Of concernisthat
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atarget may not be observed in timeto track it and issue awarning to which thedriver canreact. For the
GlStest areathe LOS problemfor the side |ooking radars was considerably |ess than expected. (For the
forward looking radar, the critical observation sector is the adjacent oncoming lane which hasless chance
of masking; however LOS can be limited by avehicdle immediatdly in front of the ICAS vehicle)

Figure 5-16 illugtrates the problem. Theangle T is cdled the mask angle. By observing thevideo
from the Sde looking cameras (which are mounted on the side looking antennas), the angle a which the
cross road first becomes visible after being masked can be determined. In addition, the distance from the
ICAS vehicle to the center of the intersection can be obtained. Both these parameters are available from
the data panel recorded as part of the video (see Figure 5-11). Figure 5-17 shows the antenna pointing
asafunction of distance to intersection and the distance and angle at which masking first ceased to exist
(68 ft. and 78 ° respectively) as the ICAS vehicle approached the intersection. Figure 5-17 shows the
worst casethat was observed in the Gl Stest area. For asample of other intersections, the ranges (left and
right radars) were as large as 280 ft. An average mask distance was 150 ft.

Distance to Intersection <~

1/ Bldg

e

Figure5-16
Lineof Sight (LOS) Issue
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Mask Angle and Antenna Pointing Angle

For the worst case that was shown in Figure 5-17, the time required for the ICAS to enter the
intersection from the mask distance of 68 ft. (taking into account that the edge of the intersection is some
25 ft. from the center) is tabulated in Figure 5-17 for selected constant speeds. This gives an idea of the
time available to the ICAS vehicle driver to take corrective action. At 45 mph, thereisessentidly no time,
At dower speeds there is adequate time to take action.

For example, Figure 5-18 shows the distance required for a driver to stop at various speeds
assuming a modest driver reaction time and a braking deceleration of approximately 0.35g or 0.7g. To
bring the ICAS vehicle to astop from 68 ft (from intersection center) to the edge of the intersection, the
speed would have to be 20 mph or less for braking at 0.35g. However, if “emergency” braking of 0.7g
were used, the vehicle speed could be 30 mph.

If the braking were controlled by computer so that driver reaction timewerediminated, the speeds
fromwhich the vehicle could be stopped before entering theintersection are about 25 and 35 mph for 0.35
and 0.7g braking, respectively (see Figure 5-19).

5-36



800 Speed Stopping Distance (ft)
= 700 Mph Ap =0.35 Ap=0.70
< 15 4 0
= 600
g 20 45 0
o 500

_ 25 99 16
E 400 —_:ip :?)‘375
: // p=0. 30 164 45
= 300
8 / 35 242 80
& 200
3 / e 40 331 119
[a) A
100 P ,{/,,/ 45 432 164
0 50 546 215
20 40 60
Speed (mph) 55 671 270
Figure5-18
Driver Stopping Distance

800 Speed | Stopping Distance (ft)
< 700 Mph Ap =0.35 Ap=0.70
(]

‘é_’ 600 15 0 0
2 500 20 28 0
E 400 ——Ap=0.35 25 72 0
5 / —=—Ap=07
8 300 / 30 126 46
(]
[8)
£ o / 35 189 67
z o0 / | 40 262 103
/,/'/ 45 345 144
0 —
20 40 60 50 438 189
Speed (mph) 55 540 239
Figure5-19

Computer Controlled Braking Distance
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With or without computer controlled braking, the worst case mask range still permits stopping the
vehide if its speed is moderate, as it should be in areas where LOS is obstructed. The on-board threat
detection system hasat least LOS equivaent to visua LOS and somewheat better than that of the driver for
cross roads, since the side looking radars are mounted on the roof of the ICAS vehicle. Consequently, it
is highly recommended that tests be conducted in a city GIS test area where “urban canyons’ will be
encountered.

5.1.10 Warning Statigtics

Inafirg attempt to evauate the ICAS as an integrated system, false and missed warnings were
tabulated over severd routes through the GIS test area. In Appendix B, the results are tabulated for the
left, right and center radars for each intersection encountered. Over the routes traveled, 105 intersections
were tabulated and the system evauated by examining the video, listening to the audible warnings and
coordinating them with the visud observation of traffic. (Radar data were recorded for dmost dl of the
intersections, but the volume of data precluded reducing and evduating dl of it). The intersections are
identified by name in Table B-1 ( the road on which the ICA vehicleistraveling is given first) and can be
located on the map in Figure 5-10. All of these tests were conducted in July 1999.

Table 5-2 summarizesthe results. Of the 105 intersections, 68 were4-way (or quad) intersections,
16 were of the junction left type, one was ajunction right and 20 were“ T” junctions. Note that except for
the 4-way, the type depends on which of the intersecting roads the ICA vehicleistraveling. The number
of fase and missed darms are actud counts of warnings (or lack thereof) at each intersection. The missed
and false darm probabilities reported are conservative, being based upon the issuance of the warnings by
the ICAS and observed vehicles at each intersection.

Missed warnings would gppear to be more criticd than fase darms. ( The latter are annoying and
could affect driver acceptance, but do not result in collisons). Of the 22 missed warnings, 14 were noted
to be caused by the target not being observed by the radar. This results from the use of the limited
coverage (in angle) system in which the antennas have to be scanned back and forth over the observation
sub-sector. A fast cross roads target that was not previoudy detected can reach the intersection before
the scanning antennacatchesup withit. Seesection5.1.8. Animproved scan pattern (faster, wider) would
eliminate the missed warnings caused by margina scanning of the observation sector.
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Table5-2 Summary of False and Missed Warnings

Number of
Number of Approaching | FalseTargets/ | Missed Targets/

Intersection Type | Intersections Roadways FalseAlarm % | Missed Alarms% | Total
4 way 68 204 21 8 29
Junction L eft 16 32 5 1 6
Junction Right 1 2 0 0 0
T 20 40 1 13 14

Total 105 278 27/10% 22/ 9% 49

road traffic.

and some with a better antenna system.

5.1.11 Summary, Threat Detection System

Of the 27 fdse alarms, 17 occurred with no targets visible and so represent unqualified fase
warnings. Detailed examination of the radar data is required to determine their cause but poor clutter
rgection is a posshility. Some of the remaining 10 include a legitimate prediction of smultaneous
occupancy of the intersection by target and ICA vehicle but resulting from system inaccuracies such as
GPS positioning of the ICA vehicle or location of the target with respect to the intersection by the
radar/GPS system. Other fase warnings are for warnings that were extended too long after the target
passed out of thethreat area. Some of the fa sewarningsrecorded for the center radar may be dueto cross

Consderable reduction in false and missed warnings can be achieved with improvements in the
systemthat are quite redizable, somewith the sysem implemented asis, somewith animproved GIS/GPS

An Intersection Collison Avoidance System (ICAS) was designed and built as described in

Sections 4 and 5. Over 60 hours of on-road tests of the ICAS (or € ements thereof) were conducted.

Half of these were obtained while driving the completely integrated system over the 30-square mile GIS

test area which was prepared as part of this program.

The Threat Detection System, which merged a Veridian-developed tracker and collison

warning (CW) dgorithm with 3 COTS radars, provided the ICAS driver with reliable warnings when
targets were present and were predicted to occupy the intersection smultaneoudy with the ICAS

vehicle

Logic modifications to the basic CW dgorithm, developed as aresult of the in-traffic tests over

the GIS test area, improved system performance by diminating (vaid) warnings in non-threatening
Stuations, thus enhancing driver acceptance of the system. In addition, it was noted that better scan
control is needed to improve observation of the threat sector.
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In-depth analysis of data and video of the actua target scene recorded during the in-traffic tests
over the GIS test area, determined that there were 27 false warnings and 22 missed warnings during
observation of more than 100 intersections containing nearly 280 roadways on which potentia threats
can gpproach the intersection. Over haf of the missed warnings were caused by inadequate
observation of the threat sectors. A third of the false warnings were caused by clutter generated tracks
and system inaccuracies. Both these causes of warning errors can be reduced with readily achieved
improvements to the ICAS asiit is currently implemented.

The ICAS inraffic tests showed the system to be atechnically viable collison avoidance
sysem.
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52  GIS/GPS System

The implementation of the | CASrequiresthat vehicle position be known, and that thisposition data
be related to upcoming intersections. An onboard GPS and a GI S map database are used to provide this
information. The gpplication utilizes position data derived from the GPS to |locate the vehicle on a specific
roadway segment. The map database used in this program was provided by Navigation Technologiesinc.
Thismap databaseincorporatesfeaturesnot inthe standard Nav Tech product. To support thisintersection
Colligon Avoidance Program, NavTech provided Veridian amodified map database for an identified test
area in suburban Buffdo (Figure 5-10). Map features included higher than standard accuracy for
intersection locations and provisons for datafieldswithin the database for traffic control device. The Test
Area sdected was approximately 33 square miles. This area contained a number of roadway and
intersection types and was sufficient to test the effectiveness of the ICASin the typicd collison scenarios.
The GISGPS System has multiple functions:

» the sysem can determine if the driver is reacting to the intersection that they are approaching,
and if that intersection is controlled by astop sign, provide warnings of potentid violation of the
traffic control, and

* provide attributes, such as type of intersection, “T”, or four leg, incidence angles of other
roadways, and traffic control at the intersection.

Thisinformation is provided to the Threeat Detection System, and dlows the system to dign the radars to
accommodate non-orthogonal intersections.

5.2.1 System Design

The GIS/GPS is a sandaone system used to determine the vehicles postion and to identify
atributes of the intersection the vehicle is gpproaching. A block diagram of the sysemis shown in Figure
5-20. Note that this figureisasubset of the system diagram presented in Figure4-1. All system hardware
iscommercid off the shelf as shown in Table 5-3. In operation, the vehicle' s pogtion, derived from the
GPS, is used to search the map database and | ocate the roadway that the vehicleis currently traveling on.
The database is then used to determine the next intersection the vehicleis approaching. The properties of
the intersection are utilized to determine the potentid for driver violation of theintersection, if controlled by
astop sgn, and by the Threat Detection System to dign theradars. The position of the vehicleis updated
every 100 msec, and intersection data is updated when a new intersection isidentified.
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Figure5-20 GIS/GPSBlock Diagram

Table5-3
GIS/IGPS Components

System Component

M odel

GPS Recaiver

KVH Continuous Positioning System

Differential GPS Receiver

Communication Systems International DGPS Beacon
Receiver, Model ABX-3

GPS/DGPS Antenna Communication Systems Internationd GPSDGPS
Antenna, Model MBL-3
Computer Gateway Solo 2500 SE computer (PI1 @ 200 MHz.)

Digital Map Database

Navigation Technologies

5211 GPS

The KVH Continuous Positioning System (CPS) provides vehicle latitude, longitude, heading, and
speed using GPS and dead reckoning. The CPS utilizes a Kdman-filtering scheme to blend data from
GPS, afiber optic gyroscope, and the vehicle speed sensor yielding continuous position information
regardless of GPS blockage or multipath. The use of dead reckoning improves the GPS accuracy and
avalability by providing preciselocation, velocity, direction and heading data, even at dow speedsor when

dationary.
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To increase the accuracy of the CPS, a Differentid GPS (DGPS) Beacon Receiver was added.
In the United States, the US Coast Guard and Army Corps of Engineers have constructed a network of
Beacon gtations that service the mgority of the eastern United States, the entire length of both coastlines,
and the Gresat Lakes. Further plansexist to increasethe dendty of this network to provide dua redundant
coverage throughout the continental US by the end of the year 2000 for avariety of gpplicationsincluding
intdligent transportation system, infrastructure management, and public safety. The Buffdo test areais
within the coverage of the USGS Beacon located at Y oungstown, NY . gpproximately 36 km north of the
test area.

The purpose of DGPS is to diminate, or dramaticaly reduce effects of Sdective Availability
(intentional GPS degraded accuracy), atmospheric, and satellite errors.  The reference Sation caculates
the corrections needed for the pseudorange to each satellite and broadcasts this correction to the DGPS
receivers. These corrections are then used by the GPS in the CPS to correct the GPS location fix
accounting for these errors.

The CPS and DGPS receiver are completely self-contained and do not require user input. Both
receivers power up when the ICAS vehicleis started and obtain a stable position within 20 seconds. The
accuracy of the pogition is estimated by the manufacturer to be within 3 meters 95 percent of the time.

5212 Map Database

The map database was developed by Navigation Technologies for this project. The test area
(shownin Figure 5-10) comprises 33 square mileseast of Buffdo NY inasuburban and rurd environment.
The areaincludessingleand multilaneroadwaysin commercid, industrid, agriculturd, and resdentia aress.
The traffic dendty varies from low to heavy, with both cars and heavy commercid trucks. The map
database utilized in this project was based upon standard NavTech product. At the initiation of this
ProgramNavTech did not offer amap database for the Buffalo area. The areawas covered by adatabase
centered around Pittsburgh, PA. This database contained mgjor roadways, and some state and county
roadsin the Buffao area. Subsequently, NavTech was in production of a map database for the Buffdo,
and Western New Y ork area. Veridian wasableto acquiretheroadway structurefilefor thisproduct prior
to its release, and worked with NavTech to include the data € ements required to support ICAS Testing.

The map database decomposes roadways down to individua segments consisting of nodes and
line segments. These nodesand segmentsare assigned various properties, or attributes. Typica properties
of these segments are position, length, ID number, and adjoining roadway segments. The manner inwhich
the map database represents an intersection is illugtrated in Figure 5-21. This property, inherent to the
NavTechdatabase structure, dlowsintersectionsto bereadily differentiated from other roadways. Tothis
set of properties, NavTech and Veridian Engineering added a field for traffic control devices at the
intersection node.
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Figure5-21
Map Database Representation of Inter section

Withthe vehicle located on a specific roadway segment, vehicle heading datais used to determine
the node it is gpproaching. An association agorithm within the software determines if the node is an
intersection. If the node is an intersection, attributes of the intersection are passed to the Intersection
Violation Detection and Intersection Collison Avoidance systems.

The database is searched using alibrary of software function calls provided by NavTech. These
functions provide an efficient way to locate the closest roadway to agiven latitude and longitude. Addition
agorithms are used to track dong aroadway to eliminate errors. For example, when the vehicle passes
through an intersection, the closest roadway to the GPS position may be the intersecting roadway and not
the current vehicle roadway. In this case, the software looks for a change in heading indicating a turn
before it switches the track to the intersecting roadway.

5213 Computer

The GIS/GPS system ishosted on alaptop computer mounted withing thevehiclecab (Figure4-4)
inthe ICAS Testbed. The computer is connected to the ICAS Centra Processing Unit by an RS-232
cable. Messages are sent between the two computers to exchange data. The data elements for the
messages to the GIS/GPS computer are shown in Table 5-4. Thismessageisreceived every 100 msec.,
and conggts of the vehicle position, speed and heading data from the CPS.  The CPSis attached to the
Centrd Processing Unit by an RS-232 cable instead of directly to the GIS/GPS computer. This
configuration was chosen for two reasons. Firgt, the threat detection software which runs on the Centra
Processing Unit needs the vehicle data (speed, heading, and position) in red-time and the time delay
through the GIS/GPS would be too great to meet this requirement. Second, the GISGPS computer only
hasone serid port whichisused to communicate with the Central Processing Unit. The GISGPS software
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is capable of receiving data directly from the CPS if the threat detection software is not running. This
operation mode is useful during unit testing of the GIS/GPS.

Table5-4

M essage Format From Central Processing Unit to GI SGPS System
M essage Element
Timetag, GPStime.

Vehicle Latitude (degrees)
Vehicle Longitude (degrees)
Vehicle Speed (feet per second)
Vehicle True Heading (degrees)

Whenamessageisreceived, the datais used to query the map database to identify theintersection
the vehidleis gpproaching. If the vehicle has passed through an intersection and a new intersection has
been identified, amessage is sent to the Central Processing Unit providing the threat detection software
with the characterigtics of the new intersection. The format of this message is shown in Table 5-5.

Table5-5
M essage Format From GIS/GPS System to Central Processing Unit
M essage Element
Time Tag, GPStime
Intersection Type (quad, tee, junction right or |&ft)
True bearing of road SV is on. (degrees)
True bearing of |eft intersecting road (degrees)
True bearing of center intersecting road (degrees)
True bearing of right intersecting road (degrees)
Digtance to intersection aong road.(ft).
Intersection L atitude (degrees)
Intersection Longitude (degrees)
Traffic lights a intersection
Stop sSgns at intersection

The Central Processing Unit periodicaly sends a message to the GIS/GPS computer requesting
the current approaching intersection. GIS/GPS computer responds with the message in Table 5-5. This
ensures that the threet detection system dways has the correct intersection informetion.

The GISGPS computer also provides a user interface to the Central Processing Unit, since this
system does not have adisplay or keyboard for user inputs. Thisinterfaceisused during testing to control

5-41



data acquigition for post test processing, changing of tracker or warning agorithm parameters, and the
display of error messages.

522 Teding
5221 DGPS Accuracy

The DGPS system postiona accuracy performance was tested using two different National
Geodetic Survey control points located near the test area. Data was collected three times at each point
for gpproximately 10 to 15 minutes. The data collection occurred on severa different days. For this
andyssthefirgt and last readings were used. Thefirgt reading would more closely approximate the red-
time condition of amoving car.

The CPS data is referenced to the WGS34 datum. The benchmark latitude and longitude are
referenced to the NAD83 datum. These datums are essentidly equivaent. The NavTech map databases
are al referenced to the NAD83 datum. All latitudes and longitudes were converted to UTM grid
coordinates. UTM is a metric coordinate system which has units in meters North and meters East.
Distances between points are more readily ca culated, compared to the latitudes and longitude system.

The position errors observed (shown in Tables5-6 and 5-7) were generdly inthe 4.0t0 5.6 meter
range at “FRANK” and 3.5t04.0 meter rangeat “ CHE-VET 1" test points. The CPS antennacould only
be located about 1 meter from “FRANK”, which may account for the increased error a thislocation. The
results agree with the expected accuracy of the CPS using DGPS of about 3 meters.

There are numerous factors affecting GPS positioning accuracy, and most are difficult to quantify.
One source of error that can be measured i sthe distance between the DGPS reference station and the GPS
receiver. Accordingtothe DGPSreceiver' suser manud, theerror for thisoffset ison the order of 1 meter
for every 100 km separation. The Y oungstown Beacon is located about 36 km from the two control
points. Therefore, we would expect about 0.3 meter error from this source.

Insummary, the data shows that the CPS isworking closeto its advertised accuracy, and that we
can expect a 3.5 t0 4.5 meter error within our test area.

5-42



Table5-6
DGPS Test Results

Control Point FRANK (PID NC1191)
Benchmark Latitude 42°57' 24.86772"
Benchmark Longitude -78°43 11.95666”

TimeAt M easur ed M easur ed Error Error Radial
Benchmark L atitude Longitude North East Error
(minutes) (meters) (meters) (meters)

42° 57.41226' | -78°43.19916’ 4.07 0.27 4.08

+10 42° 57.41226' | -78°43.19962’ 4.09 -0.35 4.09
42° 57.41364' | -78°43.19916’ 1.52 0.20 1.53

+10 42° 57.41249 -78° 3.68 -0.98 3.81

43.20007°
42°57.41158 | -78°43.20053 5.38 -1.56 5.60
+15 42°57.41089 | -78°43.20053 6.66 -1.52 6.83
Table5-7
DGPS Test Results
Survey Station CHE VET 1 (PID NC1409)
Benchmark Latitude 42°56' 14.16482
Benchmark Longitude-78°47" 2.45303
TimeAt M easured M easur ed Error Error Radial
Benchmark L atitude L ongitude North East Error
(minutes) (meters) (meters) (meters)

42°56.23627' | -78°47.03796’ -0.46 3.97 3.99

+9 42°56.23558 | -78°47.03796' 0.82 4.00 4.08
42°56.23581" | -78°47.03842 0.41 3.36 3.39

+14 42°56.23558' | -78°47.03842 0.84 3.38 3.48
42°56.23558 | -78°47.03842 0.84 3.38 3.48

+7 42°56.23512' | -78°47.03842 1.69 3.40 3.79
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5.2.2.2 Map Database Accuracy

The accuracy of the digital map database was not quantitatively tested due to a lack of an
independent measurement technique with an accuracy as good as the database. During testing of the
countermeasures however the GIS/GPS system was qudlitatively evauated with regard to database
accuracy and the ability to identify roads. This system proved capable of tracking the ICAS vehicle
through the entire test are which includes residential sireets which are closdly spaced. A few areas with
unique conditions were identified where the system briefly lost the correct track resulting in incorrect
identification of the gpproaching intersection. The system dways quickly recovered from these Stuations.
The system proved more than adequate for testing of the Threat Detection System inthetest area. More
refinement of the road tracking dgorithms will iminate these problems

As part of the post test data processing for the Threat Detection System, the track of the vehicle
relative to theintersection isplotted. For the mgority of intersection processed, the vehicletrack wasvery
close to the roadway and intersection locations from the map database. A few intersections congstently
showed higher errorsin position accuracy. 1t was not determined whether the problem was with the CPS
data or the map database. These few intersections should be resurveyed to ensure that the map database
is accurate.

5.2.2.3 Vehicle Speed Measurement

The vehicle speed measurement is critica to the accuracy of the ICAS. The system usesthisdata
to cdculatethe ICASvehidetimeto theintersection whichiscriticd to thewarning dgorithms. Thevehicle
speed is aso used with the radar range rate in the calculation of POV speed in the tracker software.
Accuracy of the vehicle speed input greetly effects the performance of the Threat Detection System.
Clutter targets, which have zero velocity, would appear to have a velocity equd to the error in vehicle
gpeed. Thiswould cause the tracker to establishatrack and the warning agorithm to be applied causng
possible fase darms. The vehicle speed is measured by the CPS using the vehicles speed sensor.

To test the vehicle speed data accuracy, atest was performed using aparked car onthe Veridian
Vehide Experimental Research Facility (VERF). Thel CASvehicleapproached thisvehicleand datawere
collected from the CPS and the center radar. The CPS speed data was then compared to the radar range
rate data as shown in Figure 5-22. Theresultsfor thistest showed very good agreement between the two
Sensors.

During testing of the Threat Detection System, higher than expected errors in the POV veocity
were sometimes noted while the ICAS vehicle was gpproaching the intersection. Upon further review of
the data, it appeared that the velocity data from the CPS was delayed more than anticipated. A test was
conducted onthe VERF samilar to thefirst test except the ICAS vehicle acce erated and decelerated rather
than maintaining a congtant velocity. The results, shown in Figure 5-23, show that the CPS velocity data
sgnificantly lagged behind the radar range rate data by gpproximately 1.5 seconds.
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There are several ways that the velocity data could be corrected for this time delay. The approach
investigated was alead filter gpplied to the CPS speed data in Figure 5-23 to compensate for the 1.5
second delay. The results, shown in Figure 5-24, were asignificant improvement when compared to the
radar range rate data. This filter eliminated the error except during the trangtion from acceleration to
decdleration. In this region the error waslimited to about 5 ft/sec. Thisfilter isnot computationdly intense
and could easly be incorporated into the ICAS software.
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Figure5-24 CPS Speed with Lead Filter vs Radar Range Rate
5.2.3 Performance Guidelines

The development and testing of the GIS/ GPS system provided indgght as to some performance
guidelines that are necessary for the system. The system that was devel oped for the ICAS program isa
sraight-forward system that is cgpable of being deployed with sufficient investment by the government or
private industry. Performance guidelines for the system are described and discussed below:

» Position and roadway information update rate of 10 Hz adequate for ICAS.
The ICAS system performed adequately when operating at a system update rate of 10Hz.
Invedtigation of vehicle position update rate of 1 Hz, which is the update rate for sandard GPS
systems, was found to be inadequate to support the countermeasure function. The inadequate

5-46



update rate caused false darms and inconsistency of the warnings provided by the GISGPS
unsgnalized intersection warning system.

The system softwar e was able to access the map database in real time to support transfer
of intersection information to the Threat Detection System and unsignalized intersection
warning systemin a timely manner.

The system software for the ICAS is adequate to process map information in red-time and to
provide roadway and intersection information to the countermeasure.  Time delays in the
accessing of map data were not sufficient to cause problems with data flow and processing of
countermeasure functions

Positional accuracy of ~3 meters generally found to be adequate

Testing of the GPS / DGPS system against known markers proved that the system provided
positional accuracy of approximately 3 meters. Thisaccuracy iswithin the specifications of most
differentid - equipped GPS systems. In generd, this accuracy specification was found adequate
to support the ICAS function. In specific cases, a greater positiona accuracy was found to
reduce fase darms in the threat detection system.

The latency of data isimportant in the ICAS, and needs careful attention to detail.

The latency of data being provided by the various sensorsin the ICASisacritical areathat must
be addressed. Common to many applications where vehicle postion and dynamics are being
measured, the synchronization of data streamsis important. Section 5.2.2.3 described alatency
of the vehicle speed datathat caused problemswith system performance. The vehicle speed data
was delayed by 1.5 seconds, and was causing false tracks to beinitiated by the threat detection
system tracker software. Identifying this problem and rectifying it solved the problem.
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5.3 Driver/Vehicle I nterface Per formance

This section addresses human factors issues germane to the presentation of intersection collison
avoidance warnings. Generd issues include: warning content, timing of warnings, and type of warning
moddity. These issues are discussed in light of preliminary human performance tests conducted to
ascertain driver warning effectiveness and driver acceptance of warnings. A brief overview is provided of
crash causdl andyssresearch and state-of-the-art technology and literature reviewsthat served asabasis
for ICAS driver/vehicleinterface (DV1) design recommendations. Relevant ICA program documents and
related publications are referenced that provide additiond detail. DVI design criteria and guidelines are
included, aong with human performancetest resultsand discussonsof other DV performanceissues, such
as risk compensation, driver controls, and interface standardization.

The ICAS DVI research presented here focuses on the stop-sign controlled intersection. This
focus was determined by increased feasibility of near-term deployment of this system, as compared to a
systemthat includes sgndized intersectionsand requires infragtructureintegration. Hence, the DVI human
performance research reviewed in this section, investigates countermeasure functions for stop-sign
controlled intersections-namely, the presentation of Stop Requirement and I nadequate Gap advisories
and warnings.

5.3.1 Background

Causal analysisof the crash datasample, conducted during Phase | of thel CA program, concluded
that nearly 75 percent of intersection collisons were due to “driver error,” including Driver Inattention
(28.7 percent), FaultyPerception (33.9 percent), and Vision I mpaired/Obstructed (11.1 percent) (5,6).
This indicates that a countermeasure to mitigate or reduce driver errors, such as adriver warning, would
sgnificantly reduce the occurrence of collisons at intersections. Causdl factorsidentified for each of the
four intersection scenario types are presented in Table 5-8.

Thework reported here emphasi zesstop sign-controlledintersectioncollison avoidance. Interms
of scenario types, depicted in Table 5-8, stop-sign controlled intersections are included in Scenarios 1, 2,
and 3. Unlike countermeasures for sgndized intersections, where signa phase information is required,
colligon avoidance countermeasures for stop sign-controlled intersections can be implemented in-
vehicle—without integration with traffic control infrastructure. In-vehicle countermeasures for sop Ssgn-
controlled intersections are sgnificantly less complex and have potentid for near-term deploymen.

The potentid benefits derived from deploying a successful collision avoidance countermeasure for
stop sign-controlled intersections are aso sgnificant. Though not a solution for the tota problem, the
solutionfor stop sign-controlled intersectionswoul d haveasubstantia impact—bothin reducing thenumber
and severity of crashes. Thisisreflectedinthefact that 46 percent of intersection crashesreported annualy
take place at intersections controlled by stop signs (433,810 crashes) and that these crashes account for
66 percent of intersection fatalities (7). Though not addressed here, it is noteworthy that such asystem
could also reduce other classes of crashesasasde benefit (e.g., rear-end collisons). The countermeasure
for stop sgn-controlled intersection crashes would have a considerable impact on reducing the overal
number of crashes occurring annudly, particularly those resulting in serious injury of vehicle occupants.
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Although stop-sign controlled intersections were the focus of driver performance studies for this
effort, the DV design encompasses issues common to signdized intersections. The ICASDVI designis
capable of accommodating infrastructure information and providing driver warnings for sgnaized

intersections.

Table 5-8 Summary of Intersection Crash Causal Factors Analysis

Scenario 1l Left Turn Across
Path (LTAP)

Scenario 2 Perpendicular Path-
No TCD Violation

|

|

|

| POV2
=

[

| Eron
POV1 | Y

|

ISV

Scenario 3 Perpendicular Path-
TCD Violation

Crash Segment: Comprises 23.8%

Crash Segment: Comprises 30.2% of

Crash Segment: Comprises 43.9%

of intersection crash problem intersection crash problem of intersection crash problem
TCD: Green Signal Phase 87.1 | TCD: TCD:
No TCD 129 | SopSign 946 Red Signal Phase 53.0
Other 54 Stop Sign 34.1
Maneuver: Other 12.9
Straight 495 Maneuver:
Left 49.4 Straight 90.4
Right 0.6 Left 9.1
Right 0.5

Causal Factors

Looked, Did Not See 26.5
Attempted to Beat Vehicle 24.9
Vision Obstructed/Impaired 20.7
Driver Inattention 17.9
Migudged Velocity/Gap 7.8
Thought POV Would Sop 22

Causal Factors
Looked, Did Not See
58.3 Straight; 73.8 Turn
Vis. Obstructed/ Impaired
13.2 Straight; 19.0 Turn
Driver Inattention
22.4 straight; N/A Turn
Migudged Velocity/Gap
1.6 Straight; 4.0 Turn
Thought POV Would Sop
4.7 Straight; 3.2 Turn

Causal Factors
Vis. Obstructed/Impaired
1.4 Straight; N/A Turns
Driver Inattention
58.2 Straight; 69.9 Turn
Deliberate Violation-Sgnal
27.9 Straight; 15.9 Turn
Deliberate Violation-Sop Sgn
9.3 Straight; 13.4 Turns
Attempted to Beat Signal
3.2 Straight; 0.8 Turns

Critical Errors:

Did not observe POV

Misjudged distance, velocity,
POV actions

Critical Errors:

Did not observe POV

Misjudged distance, velocity,
POV actions

Critical Errors:
Did not observe TCD Phase
Deliberate Violation

Countermeasur e Function:
Inadequate gap advisory & warning

Countermeasur e Function:
Inadequate gap advisory & warning

Counter measur e Function:
Stop requirement advisory & warning
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5.3.1.1 General ICASDVI Performance Guidédines

Focusing on the stop-sign controlled intersection crash increasesthe potentia for early deployment
of an ICAS. This gpproach enables the ICAS to mitigate 46 percent of intersection crashes reported
annually--a crash segment that condtitutes 66 percent of intersection fataities. The ICAS DVI should be
designed to:

¢ Conveyinformationtothedriver regarding stop requirementsat upcoming stop-sign controlled
intersections,

C Convey information to the driver regarding inadequate gap to other vehicles gpproaching the
intersection on an intersecting path, and

C Accommodatefutureintegration of phaseinformation regarding stop requirementsat upcoming
sgndized intersections.

5.3.2 Warning Content

The crash causal andydssidentified Inadequate Gap advisory and warning as countermeasure functions
for Scenarios 1 and 2, and Stop Requirement advisory and warning for Scenario 3 (see Table 5-8).
Table 5-9 summarizes the derts or warnings that could be provided to the driver regarding potentialy
hazardous dtuations a an upcoming intersection. Mogt criticd to intersection crash avoidance, the
evauationof Sop Requirement and Inadequate Gap advisories'warnings was the focus of this effort.
Subjectiveratings of Stop Requirement and I nadequate Gap advisories'warnings obtained during initid
invehicle human performance tests are provided in Sections 5.3.7 and 5.3 8, respectively.

Table5-9 Potential Driver Alert/Warning Categoriesand Functions

Alert/War ning Categories Functions

Intersection Presence Tempord distance from intersection, intersection type

TCD Presence Anticipated sgna requirements, right-of-way, TCD type

Approaching Vehicle Presence Thresat(s) location and direction, threet intention to turn
across path/unacceptable gap

Sysem Satus On/off, mafunction, driver override

5.3.2.1 Warning Content Guidelines

To mitigate crashes occurring at stop-sign controlled intersections, the ICAS DV should provide:

C Sop Requirement advisories and warnings, and
C Inadequate Gap advisories and warnings.
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5.3.2.2 ModeInformation Guidelines

The modes of the automotive Heads-Up Display (HUD) reflect the nature and urgency of

information provided as the ICA-equipped vehicle gpproaches an intersection and threat vehicles. The
DVI recommended modes are:

5.3.3

Advisory/Alert M ode—jrovides informetion regarding either the presence of an upcoming
intersection TCD or threat-vehicle with potentia requirements to stop.

Warning Mode—rovides information regarding the need to stop to avoid violating a TCD and/or
acollison.

Warning M odality

A review of DVI literature and technology focused on the eva uation of the warning modality used

to dert the driver (8). The god of the ICA DVI isto provide an effective information interface with the
driver that will increase driving safety. Warnings need to meet severd criteriaif they areto obtainthisgod.

The following criteriawere identified for the selection of DVI warning modalities:

Bendfit dl drivers

Not require specific directiond orientation;

Compatible with driver’ s response; and

Viable integration with other crash avoidance systems (CASs) and driver assstance systems
(DASs).

Using these criteria, auditory (tone and voice), visud (Head Up Display), and haptic (Brake

pulsing) moddities were evaluated. A summary of moddity characteridtic evauation is provided in Table

5-10.
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Table5-10 Modality Characteristic Evaluation Summary

Advantages

Disadvantages

Warning Tone

Omni-directional; orienting stimulus
Under normal conditions, demand less
attention than voice

Directional cueing

Processed faster than visual stimuli

L anguage independent

Auditory icons which match adriver’'s

mental model produce faster, more
appropriate responses

Difficult to accommodate hearing impaired
drivers

Unable to convey detailed information
Signal detection problem under high ambient
noise conditions

Could cause unwanted “startle” response
Integration with other driver assistance

systems could lead to a cacophony of “bells
and whistles”

Annoying if unnecessary (intrusive)

Voice Warning

Omni-directional; orienting stimulus
Processed faster than visual stimuli
Ableto convey detailed information

Speech may be more effectivein high
stress situations because speech
meaning is over-learned

Directional cueing

Difficult to accommodate hearing impaired
drivers

L anguage dependent

Signal detection problem under high ambient
noise conditions

Could cause unwanted “ startle” response
Annoying if unnecessary (intrusive)

Integration with other driver assistance
systems could distract driver with abundance
of verbal messages

Under normal operating conditions, may
demand more attention than tone

Visud Warning (HUD)

Integration of HUD image with forward
view of real world

L ess eye accommodation benefits older
driver performance

Integration with other DASs & CASs
Directional cueing

Eye fixation required
Degradation of visual display
Cognitive capture

Masking of forward view

Haptic Warning (Brake Pulsing)

Omni-directional; orienting stimulus
Low attention demand; highly detectable
by al

Congruent S-R mapping; consistent with
driver’smental model

Reduce rear-end crash potential

Potential interference with driving maneuversis
unknown but not anticipated

Potential for misperception as amechanical
failure, but this can be avoided (e.g.,
conceptually similar to speed bumps, which are
easily identifiable)

Unableto convey detailed information
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5.34 DVI Desgn Recommendations

A multi-moda ICAS DV isrecommended to provide driver warnings: 1) visudly, through ahead-
up display (HUD), 2) aurdly, using a pulsed tone, and 3) hapticaly by pulsing the brakes. No single
moddity meets dl the design criteria. For example, visud warnings viaa HUD enables the presentation
of more detalled information, required for integration with other CAS and DAS and provison of more
detailed information, but requires drivers attention to be focused on the forward view to perceive the
warning. Auditory warnings, while widely used and not orientation specific, exclude hearing impaired
drivers and can be masked by ambient noise. Haptic warnings, while meeting most of the criteria, cannot
provide detailed informetion.

535 ICASDVI Design Goals
Desgn godsfor ICASDVI areto:

Minimize the time required by the driver to accurately acquire and utilize sdlient information from
the HWS (direct driver attention to emerging traffic Stuation);

Minimize the requirements for learning to interpret the moda information eements as wel as
achieving aminimization of the time to acquire;

Provide the potentia, where possible, for future expansion of supplementary moda informationto
accommodate the spectrum of CAS; and

Maximize user acceptance of the ICASDVI.

Desgn guiddinesfor auditory, visud (HUD), and haptic (brake pulsng) warnings are summarized
below.

5.3.5.1 Auditory Warning Signal Characteristics

Guiddines recommend warning should be: a multiple frequency with more then one frequency in
range of 250Hz to 4000Hz; intermittent or changing over time; and at least 15db above the amplitude of
the masked threshold; and well-separated from exigting auditory warnings. Temporarily coupling Sgnds
from the haptic warning system and the auditory warning is recommended.

A1000Hz (1kHz) signal, 20db above the dynamic 1kHz-center frequencyfilter level,
should be temorally coupled with the pulsed braking signal (i.e., a series of three

5.3.5.2 Visual Warning Signal Characteristics

Guiddines are presented corresponding to content, symbol, image, optical, and user-interface
variablesfor the|CA HUD are provided intheDriver-VehicleInterface Guidelinesfor the Intersection
Collision Avoidance System Report (9). Only the guiddine for use of iconsis presented here.
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Use icons instead of words whenever they have been verified as equally or more
recognizable and require less display space.

The visual angle subtended by either the vertical or horizontal dimension or icons
should be no less than 30 arcminutes.

5.3.5.3 Haptic Warning Signal Characteristics
To maximize generd warning Sgnd acquigtion (10), warnings should be:

Intermittent or changing over time, and
Above the amplitude of the masked threshold.

Informal on-road tests indicate the use of a series of deceleration pulses. Pulses should bein the
order of 100ms duration, separated by 100 to 200ms (variable), where each pulse results in -0.6
meter/second (-2 feet/second) veocity change. It is noteworthy that the trangtion from aert to warning
is anticipated to be facilitated by the extenson of the sgnd duration. Pardlding auditory and visua sgnd
requirements, haptic signals should be wel l-separated from existing haptic warningsthat provide dterndtive
information(10,11). Pulsed-braking sgnasare not wayswell-separated from roadway edgesand some
speed-bump signals (speed dependent), but arguably both signal the need to attend to emerging conditions.
Driver acceptance research generdly indicates that intrusive warning signals are accepted (12,13).

The following guideline recommendetion is based on informd road tests:

HWSwarning of requirement to stop should be provided by a succession of braking
pulses (three) of 100ms with 100 to 200ms separation periods and each braking pulse
resulting in a -0.6 meter/second (-2 feet/second) velocity change that continues until an

5.3.6 Stop Requirement Warnings

The following sections describe in-vehicle tests that were conducted to evaluate the presentation
of Stop Requirement warnings. In the first study, timing of Stop Requirement advisories, relative to
intersectionentry, isevauated for visud (viaHUD) and auditory moddities. Subsequently, atrack test is
described in which driver acceptance of haptic brake pulse parameter is evauated.

5.3.6.1 Timing Stop Requirement Warnings

Thetiming of a driver warning is criticd to its ussfulness. A warning too late in the intersection
approach sequence will not allow adequatetimefor thedriver to respond to astop requirement. Warnings
given too early can violate the expectations of drivers who intend to comply with the stop requirement.
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The following ddineates an on-road basdine study that was an initid step in determining when
driver warnings can be implemented during an intersection approach (14). Thison-road basdine study
monitored driver input to vehicle controls during the gpproach to stop sign-controlled intersections.

The data showed that, while driver inputs occurred over areatively widerange of time, therange
of sandard deviations from the mean valueswas narrow (e.g., fandard deviationsfor throttle release and
brake application were 1.21 and 0.91 seconds, respectively). On the average, drivers released the
accderator gpproximately nine seconds prior to intersection entry and applied the brakes two seconds
later. Steering input occurred significantly later in the gpproach. Thistended to preclude the usefulness of
geering input as a predictive cue for determining the timing of warnings to drivers.

A timeline of driver control input was congtructed to determinethefeasibility of providing warnings
to thedriver intimefor compliance with theintersection traffic control (op sign). Thistimelineisdepicted
in Figure 5-19.

Brakg Turn Signal
Application Activation (6.6 sec)
(7.27 sec)

Throttle Release SIﬁEIIIIg

(9.3 sec) ~4 v \ 08 560)

I I I I I I I I I |

I I I I I I I I I I

16 14 12 10 8 6 4 2 0 -2

Seconds Prior to Intersection Entry

Figure5-25 Timeineof Control Inputs During I ntersection Approach

Examining thetimeline, it may be seen that input to throttle and brakes occur in ardatively narrow
time band (i.e, 7 to 9 seconds prior to intersection entry). Thisimplies that a sufficient tempord span is
typicdly available to both aert drivers of a stop requirement and dlow drivers to manudly react to the
warning.

Control input eventsoccur a acons derabledistancefrom intersection entry. Mean throttlerelease
was 68 meters (227 feet) from theintersection and brakeswere applied 50 meters (165 feet) prior to entry.
Interestingly, turn Sgnalswere activated after these events, a 46 meters (154 feet). Maximum longitudina
acceleration gpplied by the drivers were within a very narrow band. All subjects, with one exception,
utilized -0.2 +/- 0.05g during braking maneuvers. The distances indicated above provide anopportunity
to present dertswarnings to the driver, and potentidly prevent traffic control violation under manua
braking.
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Thesedatasuggest that therearedistinctive characteristicsof control inputswith respect tointended
vehicle maneuver a the intersection(15). For example, driver inputsto throttle and brake during straight
path maneuver occur consstently earlier in the gpproach than for turning maneuvers. As might be
expected, control input during an approach culminating in aright turn typicaly occurred latest.

The results dso provide ingght regarding how driver control inputs can be used to set threshold
levelsfor transmisson of warningsto drivers. Thresholds, it isimportant to note, should be set so as not
to violate the expectations of the driver. Specificaly, warnings should be presented after drivers would
normally make control inputs. Premature presentation of warnings may be viewed as fase, or nuisance
adarms, hence decreasing the perceived vaue of the warning and reducing drivers acceptance of the
collison avoidance system (likewise—in keeping with the psychological refractory period (PRP)
phenomenon—they could serve to delay driver inputs). Examining control input data alows sdection of
threshold vaues that are within the range where drivers respond to intersections, and adlow sufficient time
to prevent violation of the sop Sgn. Results of an in-vehicle study conducted to examine threshold values
is provided below.

5.3.6.1.1 Guidelinesfor Timing Stop Requirement Advisory/\Warning

As indicated by a basgline study of driver behavior during the approach to intersections, the
provison of driver advisories'warnings regarding a sop requirement at an upcoming stop-sign controlled
intersection:

C  Should be determined by driver input to vehicle primary vehicle controls during the intersection
approach(7-9 seconds prior to intersection entry), i.e., throttle release and brake gpplication, and

C  Can occur within a time frame that alows the driver to perceive and respond to the stop
requirement advisory/warning, without necessitating preemption of vehicle control.

53.6.2  Stop Requirement HUD and Tone Advisory Evaluation

A driver advisory for stop sign controlled intersections was evauated during a series of on-road
driving studies. The driver advisory of an upcoming stop requirement included a pulsed auditory tone
(21000 Hz, 3-100ms pulses) and smultaneous display of astop sgn icon viaa Head-Up Display (HUD).

In the study, evauations were conducted of two of the components (auditory tone and HUD) of the
advisory. Test drives were conducted on suburban roadways with posted speed limits of 30 to 35mph.
For component evauation purposes, the ICAS advisory was 7s prior to intersection entry. After the test
drive, participants in the sudy were asked to compl ete ashort questionnaire regarding the driver advisory.
Paticipants comments were also recorded during the test drive. In generd, participants found the
duration, and magnitude of the advisory and components to be quite gppropriate. They found the timing
of the advisory to be somewhat too late, particularly asreflected in their comments. Participants rated the
HUD stop Sgnicon asvery meaningful and unambiguous. Findly, participantsinthe sudy fdt the advisory
changed ther behavior only dightly but gave high ratings to the overal potentia benefits, especidly for
inattentive or distracted drivers.
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Method

Test drives and evauations were conducted of the auditory tone and HUD components of the
advisory. On-road testing used the Veridian Instrumented Vehicle (V1V), equipped with sensorsand data
acquistion equipment. The test drive was conducted on specifically selected test route on suburban
roadways in Buffao, NY with posted speed limits of 30 to 35mph. Half of the stop sign controlled
intersections in the test route were signaled by the advisory, and the other haf provided basdinedata. To
control for potentia order effects, thisassignment of intersectionsto conditionswas counterba anced across
subjects. In addition, the test route required drivers to perform an equa number of specific maneuvers
(8 each of draight path, right turns, and I€eft turns). The drive time of the test route was approximately 40
minutes

Eighteen drivers (9 mdes, 9 femdes) participated in theinitid set of evduations. All participants
were Veridian employee volunteersand licensed driversin NY sate. Three age groups were represented
in the sample of participants—one third of both maes and females were under 35 years of age, one third
were between 35 and 50 yearsold, and onethird were 50 or older. Information regarding corrected vison
was aso collected. On a participant data sheet, participants were also asked to assesstheir driving on a
line scdle from aggressive to conservative

The auditory advisory congsted of three consecutive 1000 Hz tone pulses of 100ms. Thiswill be
paired with the haptic advisory in the find system. The haptic advisory will consst of three consecutive -
0.6g break pulses of 100ms, with separation periods of 100ms. The HUD icon — designed to be
secondarily attended to with peripherd vision —was presented with the initiation of the auditory tone (or
auditory and haptic pulses). Participants were shown three icons during the explandtion of the study and
system, al of which they were later asked to evaluate, but saw only the stop sign icon (at designated
intersections) during the test phase.

The ICAS advisory—when put into operational use—was designed to occur typicaly about 3s
before automated braking would be required to avoid intersection entry. For component evaluation
purposes, however, the advisory was 7s prior to intersection entry in an effort to precede driver response.
In order to provide estimated time until entry, intersection location was determined via an integrated
Geographical Information System (GIS) and Globa Position System (GPS). Vehicledynamicsand driver
input to vehide primary controls — throttle, brake, and steering — were monitored during the intersection
approach. Video recording equipment aso monitored driver response.

Before driving the test route, participants were informed that the purpose of the study was to
observe “norma driving behavior.” They wereingructed to adhereto traffic regulationsand follow generd
sdfedrivingrules. Participantsweredsotold that they would be asked to evaluate adriver advisory system
following the test drive. The advisory system was then described to participants and was demonstrated
on the track facility prior to the on-road drive. Participants were aso shown amap of the test route and
were aso prompted regarding the required maneuver prior to each intersection during the test drive.
Following the test drive, participants were asked to evauate components of the advisory and its overall
utility.

5-57



Results and Conclusions

The mean age of participants in the study was 43.5 years (SE = 3.13). Data from the
aggressve/conservative rating scale were coded into numbers from +5.0 (most aggressive) to —5.0 (most
consarvative) in .5 point increments, with O representing amark inthemiddle of theline. Overdl, subjects
rated their driving asdightly conservative (M = -4.44, SE = 5.54); however, therewasastrong correlaion
between aggressiveness and age® =-.79), with younger driversmore aggressive than older drivers. Very
little correlation was found between aggressiveness and gender. The following andyses do not make use
of the aggressiveness rating, due to its high correlation with age. No effects of order (of advisory
intersections) were found, indicating that order did not affect the results. Figure 5-26 shows participants
ratings of the advisory timing and component qualities. (The arrowsrepresent the mean rating, and thebars
above them represent the standard deviation around the mean.)
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Far too weak —_
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Figure5-26 Mean Ratings of Advisory Characteristics

Participants rated the timing of the advisory asalittle late (M = 3.24), sometimes directly stating
that they had dready taken action and begun braking. This effect was pronounced in older adults (50 and
over) and males, with both groups finding the advisory to betoo late, compared to their counterparts. The
durationof both thetone and the HUD werefound to be quite appropriate (M for tone=3.06, M for HUD
=3.06). Overdl, participants found the magnitude (i.e., loudness) of the tone to be dightly too strong (M
= 3.17) but the magnitude (i.e., brightness) of the HUD to be quite appropriate (M = 2.94). Further
examination revedled that younger adults (under 35) rated the tone magnitude as too strong (M = 3.33),
while older adults (50 and over) found it to be appropriate (M = 3.00).

Participants were aso asked to rate the meaningfulness (on a scale of 1 “Not at al” to 5
“Extremdy”) of theparticular HUD symbolsused inthestudy (see Figure5-27). Thestop sgn symbol—of
critica importance in this study and the only symbol that participants saw in the test phase—was rated as
extremdy meaningful (M =4.94, SE =.06). Thesgnd light symbol was aso found to be quite meaningful
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for mogt participants (M = 4.50, SE = .19). However, the third symbol—of an intersection—was
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Figure 5-28 M ean Ratings of Advisory Benefits

An additional four questions were used to assess changes in driver behavior and drivers
perceptions of potentia benefits of the advisory. Figure 5-28 shows the results for these questions. As
seen in thisfigure, most drivers believed that the advisory did not change their behavior very much (M =
1.83). Thisfinding iscons stent with participantsrating the advisory assomewhat late and a o corresponds
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to the conditions of the sudy—a nearby, relaivey straightforward suburban route under norma weather
conditions. In fact, most drivers fet that the advisory was potentially quite beneficial (M = 3.56),
particularly for aninattentive or distracted driver (M = 4.72). Thiseffect wasparticularly pronounced
for the older participant groups. Participants dso indicated a rdatively high degree of willingnessto trust
the advisory (M =3.50, SE =.22). Older adultsand femalesindicated the greatest willingnessto trust the
advisory.

Examination of participants comments helps to illuminate some of these findings. All but one
participant (94%) had at least one comment or question. Most comments concerned the potentia benefits
of the advisory, followed by comments about the timing. Half of the participants made comments
gpecificaly regarding whether the driver advisory could bebeneficid. Most of these (78%) expressed that
it would be particularly beneficid under certain circumstances or Stuaions—eg., a night or in poor
vighility, in anew or unfamiliar areg, if distracted, or for an inattentive driver. For the advisory timing, ten
parti cipants commented on thisaspect (either when specifically rating thetiming, or inthe general comments
at the end of the questionnaire), with 70% of the comments suggesting that the timing was too late.

M ost of the comments concerning specific characteristics of the advisory (e.g., toneduration) were
positive, particularly regarding the tone and the use of the tone and the HUD together. There was,
however, some concern expressed regarding the HUD. In particular, one of the symbols (theintersection
symbol) wasfound to be confusing for some participants. Thisdid not impact thetest phase—becausethat
symbol was not displayed on the test drives—but did affect participant evduations and has resulted in
redesign. Reection to the overdl advisory system and potentia benefits was quite postive. Five
participants specifically expressed an overdl pogtive reaction to the system in genera comments, and an
additional seven comments offered postive feedback about particular aspects of the advisory.

In summary, the ICAS advisory used in this research was generdly evaluated very postively.
Participants found it to be potentidly quite beneficid, indicating likely acceptance of it in the future.
Concernover the advisory timing has been addressed, since the current study, by replication with an earlier
advisory. Basdinedatareveded that under smilar conditionsdrivers typicaly initiateastop—asindicated
by throttlerelease—at 9.3s(1.2ms SD), onaverage, prior to intersection entry). Thisfactor also may have
affected their responses regarding behavior change. Most subjects in the present study felt the advisory
caused little changein their actud behavior—likely because they had dreedy initiated their behavior. The
ovewhdming mgjority of participants studied to date have rated the potentid usefulness of the ICAS
advisory as very high, particularly under circumstances of driver inattention or distraction and nove or
difficult driving Stuations

5.3.6.2.1 Driver Eye Glance Behavior

Driver eye glance data were collected during the on-road Stop Requirement advisory study.
Results of driver eye glance behavior with respect to advisories presented via the HUD will be included
inthefind report.

Along with the 18 subjects from the stop requirement advisory study, videotape data from an
additional six subjects, recorded during a smilar sudy (i.e., same display and same test route), were
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included in eye glance analysis. Of the 24 totd subjects, eye glance data could not obtained for six drivers
who woreeye glasses or sunglassesthat obscured eye movements. A tota of 216 eye glance observations
were made from videotapes of 18 subjects.

The results showed that 47 percent of the driver eye glance observations were on average 0.13
seconds in duration (SD=0.35s). These very short duration eye glances gppear reasonable, given that
display changes associated with advisory onset were highly detectable, and display content was visudly
ample, easy to perceive, and highly familiar. No perceivable eye movements were detected for the
remaning 53 percent of the observations. Given the highly perceptible display characterigtics, drivers may
have obtained the advisory information peripherdly, without glancing directly at the HUD display. The
display was not visudly complex, and the stop sign was a familiar and meaningful icon for drivers.
Alternaively, drivers may have smply ignored the HUD display. Asdiscussed erlier, driversin the stop
requirement study were attentive to the driving task and had dready started to respond to the stop
requirement before they received the HUD advisory. This could have diminished the importance of the
information conveyed by the advisory and the perceived need to look at the display. Additionally, even
though drivers were lead to believe they could receive any of three HUD advisories, they actudly were
given only the stop requirement advisory during the test drive. Therefore, drivers may have anticipated
display content, negating the need to look at the HUD.

Inconclusion, the eye glance duration dataindicate that aHUD advisory for an upcoming stop requirement
canbe percaived very quickly—within ashort duration glance or possibly with peripherd vison. However,
the eye glance behavior observed in this study may differ from patterns observed under conditions of
potentia violation of traffic control. Eye glance duration should be examined when there is an increased
likelihood of stop requirement violation, for instance, when a driver is inattentive or distracted or the
driver’sline of sght toa TCD isobscured. Future study of eye glance behavior should aso assess how
conveying various types driver advisories impacts eye glance duration.

5.3.6.2.2 Lessons Learned Regarding the Presentation of HUD and Tone Stop Requirement
Advisories

Based on the results of a prediminary on-road evauation of driver response Sop Requirement
advisories, the following observations are made;

C Themgority of drivers reponded very postively to the Stop Requirement advisory and felt
the advisory could be very beneficid to a distracted or inattentive driver,

C Drivers appeared to require only short duration eye glances to observe the HUD advisory or
were able to process this information peripherdly. 1t should be noted, however, eventhough
drivers were lead to believe any of the icons could be displayed on the HUD, the same
information (i.e, Stop Requirement advisory) was dways presented during the on-road test.
This likely decreased the driver’s need to look at the HUD. Testing under various driving
circumstances, e.g., with additiond advisories, under crash imminent Stuations, and distracted
driver circumstances, and with an integrated haptic warning system, isrequired tovaidatethese
results.
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5.3.6.3 Stop Requirement Haptic and Tone Warning Evaluation

Track tests were conducted to determine the physica properties of haptic warnings—generated
through brake pulsing—that would be readily recognized and accepted by drivers. Participants were
asked to rate the magnitude and duration of the haptic brake pul se and accompanying tone patterns. The
haptic countermeasure system was manualy triggered to provide ahaptic warning and accompanying tone,
as participants drove aong aleg of the track, maintaining a speed of 35mph.

Method

Haptic brake pulse parameters identified for testing were based on an initid on-road guiddines
development effort and track engineering tests. Prior to the study, over 50 engineering tests of the haptic
warning syssemwereconducted. Testdrivers evauativecommentsregarding warning characteristicswere
recorded during these tests and used to identify a set of acceptable haptic brake patterns for sudy. The
system pressures and pul se configurations selected and implemented for the study present are provided in
Table5-11.

Table5-11 Haptic Brake Pulse Parameters
conducted under 250ps and 400ps Conditions

Test No. Pulse Duration (ms) Pulse Separation (ms)
1 50 50
2 50 100
3 100 50
4 100 100

Eachwarning conssted of three sequentia brake pulses, with aseparation period asseenin Table
5-11. Theidentified brake pulse parameters were tested under 250 and 400ps conditions, resulting in
peak accelerations of approximately -0.15t0-0.55gs, for aseriesof pulse parameters. AsshowninFigure
5-29, the 250ps brake pulse condition for a 100ms duration-50ms separation had a -0.3g average
acceleration. At 400pg, for a 50ms duration-100ms duration brake pulse, the average accelerationwas
-0.35g (see Figure 5-30). Effect of velocity on perception of haptic warning was eval uated for ranges of
magnitudes and duration of brake pulsing using driver derting and acceptanceratings. A 1000Hz pulsed
tone, presented approximately 10 db above ambient noise conditions, was synchronized with the brake
pulse sequence. Participant eval uation of thetonewasa so conducted. Vehiclebrake system modifications
required to implement the brake pulsing parameters are later described in Section 5.4. Thel CAS Testbed
Vehide was used to acquire and record vehicle dynamics and haptic system activation, with driver
performance videotaped.

Sx Veridian employees, three mae and three female, balanced across three age groups (<35,
35<50, and 50>), participated in the study. They were ingtructed regarding the nature of the study, signed
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consent forms and completed a short questionnaire prior to driving the ICAS testbed vehicle. After
becoming acclimated to the vehicle, adjusting mirrors and vehicle seet position, participants drove to the
test track area where they were given a demondtration of the haptic warning system.  For each system
pressure condition (250 and 400 ps), driversreceived two repetitions of each pulse configuration. Drivers
werefirg given two trid blocks of four pulseseach at 250 pdi, followed by two blocks of four pulseseach
at 400 ps (for atota of 16 trids). In the first blocks, the pulses were presented in the order shown in
Table 5-11. Pulse sequence in following blocks were randomized and counterba anced across subjects.
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Figure 5-29 Acceleration Profile for Haptic Brake
Pulses (100ms dur ation-50ms separ ation) at 250 ps

Driverswereingtructed not to apply the brakeswhen they recelved awarning. Thisisbecausethe
haptic warning system is designed to disengage and terminate the warning sgna when the driver goplies
the brakes, and the purpose of the study wasto evaluate warning characteristics. Triggering of thewarning
occurred after the vehicle reeched atravel speed of 35mph, and wasinitiated at variousintervas. Shortly
after receipt of awarning, drivers were asked to stop the car and eva uate the magnitude and duration of
the haptic brake pulse and the pulsed tone using arating scae questionnaire described in the next section.
Drivers were encouraged to write any additiona comments they wanted to make on the questionnaire.
Verba comments were recorded on videotape, with in-vehicle cameras positioned to capture the driver’s
face and foot posdition.  Following completion of the 16 test trials, driverswereinstructed to drive back to
the building. While en route to the building, drivers were given an additiond “surprise’ warning. The
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surprisewarning wasintended to capture drivers: response to an unanticipated warning. Participantsrated
the surprise warning and completed a post-test questionnaire, upon return to the parking lot.

Test Results and Conclusions

Participants duration and magnitude ratings of the warning are shown Figures 5-31 and 5-32,
respectively, for haptic and tone warning components. Asnoted earlier, five point rating scaleswere used
to indicate magnitude (1=far too weak, 5=far too strong) and duration (1=far too weak, 5=far too strong).
for the haptic and tone components of the warning.

For the haptic component, participants broadly rated the 50-100s pulse configuration as most
appropriate. This was true in the 250ps and 400psi conditions for both magnitude (250ps M=3.08,
SD=0.29; 400psi M=3.25, SD=0.45 ) and duration (250psi M=2.67, SD=0.65; 400ps M=3.08,
SD=0.79). Tone magnitude, which actudly did not differ during the test, was d o rated favorably for the
50-100s and 100-50s pulse configurations in the 250ps condition (M=2.83, SD=0.39 for both
configurations). In the 400ps condition, the tone’ s magnitude and duration were considered gppropriate
at 50-100s (M =2.83, SD=0.58; M=2.92, SD=0.67, respectively). The 100-50s pulse wasfavored in the
250psi condition duration ratings (M=2.92, SD=0.51). Collapsing over mode and ps conditions, the 50-
100s pulsewasrated morefavorably on magnitude (M=2.96, SD=0.50) and duration (M=2.77, SD=0.72)
than other pulse configurations.

A seriesof four analyses of variance (ANOV As)were conducted separately to eva uate haptic and
tone duration and magnitude ratings. These ANOV Asgenerally supported the observations make above.

Ermar Bars show Mean+- 1.0 50

Bars £how Means ulses (SEI::I
. tone a0-50
far too strong haptic O &0-100
) 100-50
100-100

m

=

=

= M e

@ 34 B

=

k=

=

= 21

£
1

280psi [ 280psi 400psi
far o0 weak psi 400psi psi psi

MAGPUL~1 PG

Figure 5-31 Mean M agnitude Ratings of
Haptic and Tone Warnings by PSI Condition

5-64



Error Bars show Mean +/- 1.0 5D | ( jl
ulses |sec
Bars show Means LA
far too long haptic tone []50-100
5 .1EIEI-5IJ
Il 100-100
4
=
E
=
&
=
-]
5 2-
1: |7—‘
-1I i
fartoo short  290psi A00psi 250psi A00psi
DURFPUL~1.JP &

Figure 5-32 Mean Duration Ratings of Haptic and Tone Warnings by PSI Condition

Haptic Magnitude Rating
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ANOV A haptic magnituderatingsreved ed asignificant main effect for ps, F(1,5)=17.10, p<0.01,
and an interaction of psi and pulse (p<0.01). These areillustrated in Figure 5-33. The 250ps 50-100 and
100-50 patterns appear optimal.
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Haptic Duration Rating

The ANOVA of haptic duration ratings reveded sgnificant main effects (p<0.01), as well as
interactions of pulse and ps. Figure 5-34 illudtrates these results. Examining this figure, it can be seen
that—of the two ideal 250 ps conditions— the 100-50 pulse is judged nearest ided and the 50-100 is

somewhat too soft.
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Tone M agnitude Rating

The ANOV A of tone magnituderatingsreveded asignificant main effect of pulse (p<0.01). Figure
5-35 illudtrates that magnitude was rated as more appropriate for the 50-100 and 100-50 pulse patterns.
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Tone Duration Rating

The ANOVA of tone duration ratings reveded significant main effects (p<0.01), as well as
interactions of pulse and ps. In Figure 5-36, it can be seen that, for the 400 ps condition, 100-50 and
50-100 pulseswere cons dered most gppropriate. Anupward volume adjustment, controlled by thedriver,
could serve to increase the acceptability the 50-100 pulse.
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Surprise Test Results

Ratings of the 400 ps 50-100 surprise warning mimicked results described earlier. Videotape of
driver’ sfoot position was andyzed for the surprise warning event. Five of the six driversinitiated throttle
release when they received the surprise warning and two of these drivers adso gpplied the brakes. The
remaning driver had aready released the throttle prior to receiving the warning and made no further
response. Finding that drivers responded to the haptic warning by releasing throttle or gpplying brakesis
noteworthy—particularly sncethey had just completed 16 tridsduring which they did not gpply the brakes
when given a warning. This directly demongrates thet, when unanticipated, the haptic warning stimulus
elicited the desired response—to begin to decelerate the vehicle through throttle release and brake
goplication.
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Post-Test Questionnaire

Participants were asked to respond to indicate how beneficid they thought the haptic warning
would be for their own driving and how beneficid the haptic warning would be for an inattentive or
distracted driver using five point rating scaes (1=Not at dl beneficid, 5= Extremdy beneficid). Participant
ratings indicated they felt the haptic warning could be quite beneficid to their own driving (M=4.17) and
extremey beneficid to inattentive drivers (M=4.83). Asshown in Figures 5-32 and 5-34, this effect was
somewhat stronger for malesthan femal esfor both self-benefit ratings (M=4.33 and M=4.00, respectively)
and inattentive driver benefit ratings (M=5.00 and M=4.66, respectively). Younger drivers indicated
dightly less potentia self-benefit (M=3.50, SD=0.71) and inattentive driver benefit (M=4.50) than mid-
aged and older drivers (see Figures 5-33 and 5-35).

Summary

Haptic brake pulsing appearsaparticularly viableand promising meansof warning driversof astop
requirement a an upcoming intersection.  Advanced versions of the syssem may potentialy be used to
bring a vehicle to a full stop prior to intersection entry.  While technicaly feasble, however, driver
acceptance may limit the use of afully automatic braking sysem. Haptic brake pulsing, it is noteworthy,
provides an omni-directiond aert that is congstent with the braking action it is intended to dicit from
drivers. Haptic brake pulsing is consequently expected to provide an effective “heads-up” warning for
driversthat will enhance the potentid for intersection collison avoidance, and provide akey dement in a
future integrated CAS.

5.3.6.4 Observations Regarding the Presentation of Haptic and Tone Stop Requirement
Advisories

Theresultsindicatethat driverscons stently perceived the differencesin gppropriateness of system
pressure and pulse configuration of the haptic warning. The overal results generaly support:

. Use of a50-100 pulse pattern at 250 psi;
. Use of a 1000Hz at10dB auditory signa that can be upward adjusted for hearing impaired, and
. High driver acceptance of haptic and tone stop requirement advisories.

5.3.7 Inadequate Gap

5.3.7.1 Timing Inadequate Gap Warnings

Effective timing of an Inadequate or Unsafe Gap war ning requires knowledge of typicd gap
acceptance at intersections.  Untimely warnings—those presented too early or too late—could be
perceived as false or nuisance darms, potentidly distract drivers, or rendered ineffective if evasive action
cannot be taken in time avoid an intersection collison.

For the intersection collison avoidance system (ICAS), gap is defined as the time gap between
the Subject Vehicle (SV) attempting to negotiate the intersection, and the Principle Other Vehicle
(POV), or threat vehicle, approaching the intersection on an intersecting path. AnInadequate Gap
warning is issued when the ICAS determines the gap between the SV and POV will not alow the
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completion of SV’ sintersection traversal before the POV enters the intersection. In other words, if the
ICAS determines the SV and POV will occupy the same space in the intersection, at the same time, an
Inadequate Gap warning is issued.

Since a wedth of traffic engineering research dready exists regarding gap acceptance a
intersections, a review of these studies was conducted. The objective of the review was to obtain gap
acceptance datathat could be used as basdline data for timing Inadequate Gap warnings. The mgjority of
the studiesreviewed were conducted for traffic engineering purposes, observing traffic flow at intersections
to obtain measures of gap acceptance for capacity estimation.

The complexities of gap estimation became readily apparent early inthereview. Main road treffic
volume and headway digtribution, intersection characteristics, vehicle size, and queue wait time, not to
mention the procedures used for gap measurement and estimation, al impact critical gap. The definition
of gap used intraffic engineering research differs from the gap defined for the ICAS. In traffic engineering
research, critical gap, amagjor parameter used in gap acceptance modd s, isdefined asthe minimumtime
gap between two successive vehicles in the major street traffic stream that is accepted by drivers
on a minor street for crossing or merging with the major street flow (e.g., Brilon et. a, 1999).
Although admittedly adifferent measure, critica gap provides an gpproximation of theminimum gap time
window during which drivers determineit is safe to perform intersection maneuvers. Data for |eft, right,
and crossing maneuvers are provided in Table 5-12.

Table5-12 Critical Gap by Maneuver Type
at Unsignalized I nter sections (13)

I nter section Maneuver Type
L eft Right Crossing
Critical Gap (se) 7.0 6.2 6.5

A variety of methods have been used to measure gap. Recent publications have supported the use
of themaximum likelihood method and Hewitt’ s method, asrdiableand accurate critica gap estimation
procedures (12,13). Thecritica gap estimations, reported in Table 5-12, were derived with the maximum
likelihood method, using field data collected on US roadways.

Disposable time gap, a more appropriate gap measure for the ICAS, was reported in a study
conducted by Lall and Kostaman (1991). Disposabletime gap isdefined asthe difference between the
time stamp when the minor street vehicle leaves the stop line and the time when the next vehicle on
major street arrives at the intersection. In Table 5-13 critical gap isreported asamedian vaue based

on the disposable gaps.

Table5-13 Critical Gap (M edian Disposable Gap) by Maneuver Type
at Unsignalized I nter sections (14)

Vehicle Maneuver First Subsequent
Left-turn from minor road 5.0 34
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Right-turn from minor road 3.7 3.9
Cross magjor road 4.0 3.2

Ascanbeseenin Table5-13, disposable gapsare somewhat shorter than the critical gapsreported
in Table 5-12. Notice aso the difference between disposable gap datafor first and second or subsequent
vehides. Subsequent vehicles accept shorter gaps than first vehicles. The researchers suggest that
subsequent vehicles have shorter critica gaps because the driver of the subsequent vehicleisderted when
the front vehicleleavesthe stop line and then eva uates whether the remaining portion of the gap isadequate
to negotiate the intersection.

The data discussed thus far were collected at two-way, stop-sign-controlled (unsignalized)
intersections. A study of left-turn maneuvers signalized intersections (15) demonstrated results consistent
with those obtained at unsgnaized intersections. When vehicleswere standing (stopped) prior toinitiating
a left-turn, the average left-turn maneuver time was 4.95 seconds.  Vehicles that were moving prior to
initiating a left-turn, had shorter |eft-turn maneuvers times—a3.9 seconds on average.

In the following sections, the data reviewed here are used to support recommendations of trigger
vaues for Inadequate Gap warnings. Trigger vaues are recommended for two ICA scenarios that use
I nadequate Gap warnings as a collison avoidance countermeasure; Scenario 1 Left-Turn across Path;
and Scenario 2 Perpendicular Path-No Traffic Control Violation.

5.3.7.2 Timing Recommendations for | CAS I nadequate Gap Warnings

Scenario 1 Left Turn Across Path (LTAP)

Crash Segment: Comprises 25.2% of intersection crash problem

POV | TCD: Green Signal Phase 87.1
I No TCD 12.9
Q| Causal Factors
I Looked, Did Not See 26.5
Attempted to Beat Vehicle 249
- - T Vision Obstructed/Impaired  20.7
Driver Inattention 17.9
Migjudged Velocity/Gap 7.8
| Thought POV Would Stop 2.2
| Critical Errors: Did not observe POV
ISv Migudged distance, velocity, POV actions

Countermeasur e Function: Inadequate gap advisory and warning

Figure5-37 Scenario 1. Left-Turn AcrossPath

The mgority of Scenario 1 as shown in Figure 5-37 crashes are due to perceptua errors—e.g.,
drivers looked, but failed to see gpproaching vehicle (26.7%), vision obstructed/impaired (20.7%) with
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and driver inattention. The Inadequate Gap warning derts the driver regarding the presence of an
gpproaching vehicle and advises the driver it is unsafe to proceed.

The data suggest that drivers typicaly accept time gaps of approximately 4-5 seconds when
initigting aleft-turn across path maneuver a asgnalized intersection (15). Therefore, it is recommended
that for initid testing, an Inadequate Gap warning under Scenario 1 conditions will trigger when:

$ SV hassgnded intention to turn left and is located at the point of intersection entry or in the

intersection conflict zone of a Sgndized intersection; and,

$ POV isagpproaching theintersection on anintersecting path and the gap between SV and POV

is inadequate. An inadequate gap warning will trigger when the time gap between SV and
POV mests the following criteria

Table5-14 Trigger Valuesfor Scenario 1

L eft-Turn Maneuver I nadequate Gap (sec)
SV Standing =50
SV Moving =4.0

Provisonof an Inadequate Gap warning for sgnalized intersectionsrequiresknowledge of sgna phaseand
left-turn treatment [i.e., protected (separate left-turn lane) or unprotected]. This information could be
provided viathe roadside infrastructure. Thisis beyond the scope of the current ICA program.

Scenario 2 Perpendicular Path-No TCD Violation

Crash Segment: Comprises 36.1% of intersection crash problem
I TCD: Stop Sign 94.6 Maneuver:
I Stop Sign/Flashing Red 13 Straight 495
I Flashing Red 0.6 Left 49.4
R S Yield Sign 35 Right 0.6
Causal Factors Straight Turn
Looked, Did Not See 58.2 73.8
Vision Obstructed/Impaired 13.2 19.0
Driver Inattention 22.4 -
Misjudged Ve ocity/Gap 1.6 40
Thought POV Would Stop 4.7 3.2
Critical Errors: Did not observe POV
Misjudged distance, velocity, POV actions
Counter measur e Function: |nadequate gap advisory and warning

Figure5-38 Scenario 2: Perpendicular Path - No Traffic Control Violation
Disposable gaps do not include the time drivers require to perceive the gpproaching traffic and

decide whether or not to proceed into the intersection. Measurement beginswhen the minor road vehicle
(SV) leavesthe stop line and ends when the next main road vehicle (POV) arrives a the intersection. This
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measures the gap time between SV and POV when SV traversesthe intersection. Therefore, disposable
gaps appear to represent appropriate trigger vaues for Inadequate Gap warnings for Scenario 2
Perpendicular Path - No Traffic Control Violation. 1n Scenario 2, shown in Figure 5-38, the SV complies
with the traffic control stop requirement, and the POV is not required to sop. The collison occurs when
SV proceeds into the intersection to attempt to turn or continue on a straight path. The maority of
Scenario 2 crashes are due to perceptua errors—e.g., drivers looked, but failed to see approaching
vehicle, and driver inattention. The Inadequate Gap warning derts the driver to the presence of an
gpproaching vehicle and advises the driver it is unsafe to proceed.

It is recommended, for preliminary test purposes, that the disposable gap times (accepted by first
vehicles) identified by Ldl et. d (1991), serve asinitid threshold vaues for triggering an Inadequate Gap
warnings for Scenario 2 conditions. This meansthat Inadequate Gap warningswill be triggered when the
following conditions exist:

$ SV has dgnded intention to turn or is Sationary, located a the stop line of an unsigndized
intersection (first in the queue), and brake release and/or throttle input occurs, and

$ POV isapproaching the intersection onan intersecting path, and thereis an inadequate gep to
POV. An Inadequate Gap warning will trigger when the time gap between SV and POV
meets the criteriain Table 5-15.

Table5-15 Trigger Valuesfor Scenario 2

SV Intended Maneuver | Inadequate Gap (sec)
L eft-turn =5.0
Right-turn =37
Cross =40
Default =40

Thesetrigger vaues may result in more warningsissued under high traffic volume conditions, when
wait times are longer and drivers are more likely to accept smaler gaps. Under these circumstances,
warnings could be perceived as nuisance alarms and the percelved benefit of the warning system
diminished. Alternatively, it could serve to deter high-risk-taking behavior involved in accepting smdler
gaps. Teding of these initid parameters under high volume conditions is required to evauate their
effectiveness.

The Inadequate Gap warning for Scenario 2 will consst the presentation of a pulsed tone and a
HUD icon visualy depicting the direction of gpproaching threet. The throttle will be disabled and the
brakes applied to prevent the stopped vehicle from entering the intersection under inadequate gap
conditions. Override of the warning system will be possible via driver activation of the Vehicle Abort
Sysem.
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54  Vehicle Systems

A dedicated ICAS Vehicle Testbed was assembled for this program. The initid system
development for ICAS was performed using aVeridian Instrumented Vehicle. Thisvehicle, a1993 Ford
Taurus equipped withan auxiliary power system and data acquisition eguipment alowed the devel opment
and initid testing of the threat detection and GIS/IGPS systems. When the systems were integrated to
function asafull ICAS the components were assembled onto a Ford Crown Victoria. A photo of the
Crown Victoriais shown in Figure 5-39. This vehicle was chosen from the automotive fleet due its Size,
which alowed easy inddlation of equipment, large engine and dectrica system capacity, and it was rear
whed drive. The rear whed drive provided a large amount of access room in the engine compartment.
This became important when ingtaling equipment such as the front radar assembly, and running wiring
through the vehicle. It should be noted that this vehicle is equipped with a Ford optiond heavy duty
electrica system. Thisincluded aheavy duty battery, and alarge capacity dternator. Thissystem provided
adequate electrical power to run al components of the ICAS.

Figure 5-39
ICAS Testbed Vehicle

This specific Crown Victoria was selected due to the sunroof that the vehicle was equipped with.
The ICAS configuration included mounting of two side-looking radarson thevehicleroof. Previoustesting
on the Veridian Insrumented Vehicle had indicated that the roof mounting position of the sde-looking
radars held performance advantages over a bumper mounting system. These advantages were seen in
reduced masking by vehiclestraveling dongsdethetestbed. Thiswas especidly truewhen at intersection,
and other vehicle are passing to ether sde of the vehicle.

The ICAS equipment was integrated into the Crown Victoria Platform. A summary of the
modificationsincludes
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» mounting of forward looking radar on front bumper centerline
* mounting of two sde-looking radars on roof in replacement of sunroof
« ingdlation of Head-Up Display in vehicle cab
« inddlation of lgptop computer in vehicle cab
» mounting of following component in vehicle trunk:

— radar processing electronics

— radar scan platform servo-amplifiers

— GPSrecelver

— DGPSreceaver

— haptic braking hydraulic system

— mini-tower computer

— auxiliary battery

— DC/AC invertor

— equipment rdlays

541 Vehicle Radar Systems

The ingdlation of the radars on the vehicle may be observed Figure 5-40. Note that while the
forward radar ingtalation has an environmenta cover, the roof mounted radars do not. Thiswas omitted
due to cost congderations associ ated with fabricating the roof mounted cover. The mounting of theradars
on the roof has postive performance benefits when in traffic. Although no direct comparison of roof vs
bumper mounted radars were performed the video data taken during on-road tests provided evidence

vehicle masking would have occurred in many intersection encounters were the side-looking radar
mounted on the bumper.

- Roof Mount Radars
Forward Radar ., .

Figure 5-40
[llugtration of Radar Mounting
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Blending the radars into vehicle styling was beyond the scope of thisprogram. An effort was made
in Sting the components to recognize limitations that a mass deployment of this system would impose on
syling and sensor accident survivability. Mounting dl threeradarsinto the front bumper, while degrading
performance of the side-looking systems, would place these sensors in a vulnerable position, subject to
damage by even minor crashes. The roof mounting for the radars puts these sensors in the are of the
occupant protection zone. This zone can be defined as the passenger area between thevehicles “A” and
“C’ pillars. In fronta, and most Sde impacts, this area could be given a high probability of surviving
undamaged, thereby preventing very expensgve sensors from be damaged in any crash. Thefind sting of
the sensor dements is | eft to the judgement of the vehicle manufacturer.

5.4.2 Head-Up Display

The provison of warningsto the driver is a prime performance feature of the ICAS sysem. The
ICAS uses amulti-modal systemto display warnings, using visud, audio, and haptic feedback. Thevisua
systemisaHead-up Display (HUD) mounted within the cab assembly of the Crown Victoria Figure 5-41
illugtrates the mounting of the HUD within the vehicle. The HUD is mounted on the replacement sunroof
that aso actsasmounting for the sde-looking radars. Thismounting system permitted accessfor theradar
cables from the roof mounting location to the processing dectronics in the vehicle trunk.

HUD Assembly

Figure5-41
HUD System Mounting

5.4.3 Lap Top Computer

A laptop computer was mounted with the vehicle cab to provide input to the countermeasure
software and to dlow initiation and completion of dataacquistion. Thelgptopisacommercidly avaladle
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unit, with no specia modificationsmadefor thisgpplication. The computer ismounted with acommercidly
avalable mount that is marketed to the law enforcement community, made specificaly for the Crown
Victoria A photo of the laptop and mount is shown in Figure 5-42.

il

Al \ HUD Combiner

Lap Top
= v+  Computer
(system inputs)

Figure5-42
L aptop Computer Mounting

5.4.4 Signal Processing / Electrical Systems

ThelCASrequirestheintegration of mechanicd, eectronic, and hydraulic systems. Thisintegration
must be made within the physical and dectrical limitations of the host vehicle. It isnoteworthy that thiswas
accomplished with minima changes to the vehicle. Apart from the mounting of the radar antennas as
previoudy discussed, the changesto the vehicle were minimd. A secondary battery was ingdled in the
system to prevent excessive draw on the vehicle battery. This battery was charged from the standard
vehicle charging system, with no modifications.

All sgna processing and eectrical processing equipment was placed in the vehicle trunk. A
photograph of the vehicletrunk isshown in Figure 5-43. The equipment rack on the left Sde of the vehicle
contained the radar and GPS/DGPS systems. Therack on the right contained the power conditioning and
relays to support the system. Figure 5-44 illustrates a close-up of the electrical rack.
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Radar / GPS / Servo Relays_/_ Power
Electronics Conditioning

Auxiliary
Battery

Computer
CPU

Figure 5-43
Equipment Configuration - ICAS Vehicle

Electrical Junctions

Relays (radars,
hydraulic pump,

1100 Watt
Invertor

Figure5-44
ICAS Electrical Station
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5.4.5 Haptic Braking System

The haptic braking system is part of the driver vehicle interface. This system is a completely sdlf
contained secondary hydraulic braking system controlled by the ICAS computer. A system diagram is
shown in Figure 5-45

Hydraulic Power Unit
Accumulator (Pump, Reservoir, Pressure Control Valve)
\ Computer Control

er = - _.- '-._"'"‘.-.
.-ﬂ"‘-r"f...-*" O /y /'I g -I I
~ T f’/f // 3 A

:5__-:‘ 3 /
— _ ) / Emer gency Releage Button
o gl (on dashboar d)

.r'_

[/

Secondary Brake Calipers

Figure 5-45
Haptic System Features

The haptic brake system utilizes after market cdipersdesigned for useinautoracing. Thesecdipers
were mounted at al four wheedls on brackets designed by Veridian. The secondary calipers and mounting
brackets are illustrated in Figures 5-46 and 5-47.

The haptic braking system can be tailored to provide deceleration to the vehicle without the driver
providing aninput. The system utilizes computer control to open and close solenoid valves. Thesevaves
control the flow of hydraulic fluid to the secondary brake cdipers. The hydraulic system for the hapic
braking system is shown in Figure 5-48. Level and configuration of the deceleration is controlled by the
ICAS computer. The system is capable of providing a constant deceleration, or a pulsed deceleration of
varying magnitude and duration. The system is designed with afall-safe mode of system off. That is, the
system fails with the secondary brakes in a non-functional mode. A detailed discussion of the haptic
braking system is provided aong with the discussion of its use as a component in the Driver Vehicle
interface.



Caliper Mounting
Bracket

Figure 5-46
Haptic Braking Caliper Mount

Auxiliary - OEM Brake
Cdliper

Figure 5-47
Haptic Braking Configuration
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|

Hydraulic !

Control
Vaves (3)

Figure 5-48
Haptic Braking Hydraulic System

5.4.6 Vehicle System

The efforts of this program successfully incorporated the equipment necessary to perform
intersection collison avoidance into a passenger vehicle. The systems utilized in this program were for the
most part commercid off the shelf. Oneof the goasof thisprogram to build aprototype ICAS system that
could be utilized to determine what functions the syssem must be ableto perform. 1t was not required that
acommercidly viable system be available a the completion of the program. The vehicle described here
provides asolid performance basis for the development of a commercidly viable ICAS, and should not
be inferred to be commercidly viable in its present form.

5-82



55 Perfor mance Guiddines

The ICA Stestbed described within thisreport isthe product of arequirements-driven assessment
of theintersection crash problem. Dataregarding vehicle dynamic situation and causal factorsderived from
review of accident data files led to the design and fabrication of an on-board system of sensors and
equipment that can be effective in preventing intersection crashes. The data from the accident databases
and experience developed in the testing of the system has generated a series of clear requirementsthat the
ICAS mugt perform in order to prevent crashes. This section describes the system requirements, and
recommendations for system improvements that will improve the performance of the ICAS.

Ingenerd, thel CASmust perform thefollowing functionsin order to prevent intersection collisons:
C warn driver of proceeding with insufficient gap

C prevent violaion of the traffic control device

C trangmit warningsto driversin an efficient, effective manner

These functions were described in detail in previous sections of thisreport. This section will describe the
performance guiddlines for the ICAS.

5.5.1 Threat Detection System

Duringin-traffic eva uations many situationswere encountered that should influencethe sdlection of system
parameters and performance specifications for future systems. Some parameters/specifications are
associated with the radar sensor and some withthe GIS/IDGPS. Table5-16 lists9 important parameters,
the source of the parameter, the current and desired vaues of the parameter and a comment on how the
parameter affects system performance. A brief discussion of Table 5-16 follows.

« Position errors should be less than 3.05m

The accuracy with which the ICA vehicle and targets are positioned in a common coordinate system
needsto beimproved. Significant position errorsoccurred at afew specificintersections. Theseerrors,
which originate primarily in the GIS/GPS were observed to reach 6.10-9.14m during on-road tests.
Two consequences of these errorsareincorrect gpplication of the special countermeasurelogic (which
is invoked when the ICA vehicle is within a certain distance of the intersection edge) and incorrect
positioning of atarget detection and subsequent track, both of which affect the resulting warning times.
Position errors should be less than 3.05 m.
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Table 5-16 Performance Guidelines
Threat Detection System

Parameter Sour ce Current Value Desired Value Affects
Target and ICAS DGPS/GIS 6.1-9.1m <3m Countermeasure logic,
vehicle position warning times
accuracy
ICAS vehicle speed CPS (vehicle <1.5mps <0.15mps Target and ICAS speed

speed sensor and | (depends on estimate, clutter
G ICAS Decdl.) cancellation
Max range of threat Radar 120m 150m Early tracking of cross
detection sensor roadstargets
Range accuracy Radar 3% of range 3% of range Estimated target position,
predicted time to
Intersection
Range rate accuracy Radar 0.1 mps 0.1 mps Target speed estimate,
predicted timeto
Intersection
Angular accuracy Radar ~4 deg. <1 deg. Target heading estimate,
predicted timeto
intersection
Scan rate Scan platform 20 deg/sec. 30-40 deg/sec. Observation of threat
for current sub-sector, revisit time
system
Update rate Radar 0.1 sec. Commensurate Number of )
with scan rate detections/beamwidth
Deceleration estimate | Radar Simplethreshold | Better algorithm | Estimate of target's
of 0.9 m/g/s intention to turn

« ICAS vehicle speed should be accurate within 0.15 m/sec
The ICA vehicle's speed is estimated by the Continuous Positioning System (CPS) which uses the
vehicle speed sensor and GPS. The CPS derived speed exhibited a substantid lag estimated at 1.5
sec (see Section 5.2.2.3). Such alag adversdly affects, among other things, the clutter rejection function
which rgects zero vel ocity targets. Consequently, thelag in the CPS s speed estimate can result in the
generationof clutter trackswhich could result inwarnings. (Thelag wasrecently addressed and through
filtering has been substantialy reduced, but not in time for the evauations). The estimate of the speed
of the ICA vehicle should be accurate to within 0.15 m/sec.

* Final Threat Sensor should have maximum range of 150 m
On-road evauations revealed that while some intersections had restricted line of sight (LOS), most of
the intersections encountered over the 77 square kilometers of digitized test area had more than
adequate LOS. Consequently, it was found that a somewhat longer radar range than the 120 m
available with the VORAD system is desirable. A maximum radar range of 150 m is recommended.
Thiswould dlow atarget on a perpendicular cross road to be detected at a distance of nearly 107 m
from the intersection while the ICA vehicle is nearly 107 m from the intersection.
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Radar range accuracy of 2 to 4% of range is acceptable

The VORAD radar range accuracy has been quoted at 3% of range. Theradars used onthisprogram
generdly met that criterion with relatively low error sandard deviations. More thorough cdibration of
the radar range measurement and the use of calibration coefficients (developed and tested on the
Veridian test track but not incorporated in the real-time software program) should be investigated.

Radar range rate of 0.1 mps more than adequate
The radar range rate of the VORAD system (about 0.1 mps) is more than adequate.

Angular accuracy should be 1 deg or better

The angular accuracy of afuture system should be considerably better than can be obtained from the
4 deg beam of the EVT-200 VORAD system. This relatively poor angular accuracy resulted in
requiring the system to obtain target heading from the direction (heading) of the roadway on which the
target was traveling. Roadway heading is obtained from the GIS and is accurate to better than 1.4E.
(Targets are “assigned” to aroad based on their proximity to the road as determined by the radar.)
Angular accuracy of afuture threat detection radar should be 1 deg or better and preferably obtained
soldy from the radar measurement. (Consequences of poor angular accuracy, for example, are errors
in the predicted time of atarget to enter and exit an intersection snce target heading enters into the
linear motion dynamics used to determine predicted times).

Scan Rate Optimization

For an implementation such asthe current 3-antenna system, two critical improvements are needed in

antenna scan rate and the system update rate. On-road tests clearly showed that the two cross road

subsectors observed by the side looking radars could not be adequately observed with a 20 deg/sec

scan rate of the 4 deg radar beam (azimuth). Fast cross roads targets that are not detected on a
previous scan (perhaps because of masking), could escape detection entirely by reaching the

intersection with the antenna beam literaly chasing the target as the beam scans inward toward the

intersection. With its limited scan rate, the beam never catches up with and observes the target..

Arbitrarily increasing the scan rate results in too few “hits’ as the beam scans over the target because
of the modest update rate of 0.1 sec. A scan rate of 30 to 40 deg/sec is recommended with a
commensurate update rate that resultsin at least 4 hits per beam for the beamwidith in question. (For

example, for a4 deg antenna scanning back and forth over the subsector at 40 deg/sec, an updatetime

of 0.025 sec would result in 4 “hits’ per beam).

Deceleration Estimates

In scenariosinvolving left turns across path (LTAP) of the ICA vehicle by thetarget or aLTAP of the
target by the ICA vehicle, adecd eration Sgnature of the oncoming traffic is used (see Section 5.1.6).
The system eva uations were performed with a smple threshold gpplied to the estimated deceleration
(or lack thereof). Subsequently, athough not in time for system evauations, an improved decdleration
(or “dowing”) dgorithm was developed. This dgorithm should improve the attempt at determining the
intention of oncoming traffic in a LTAP scenario, and needs to be tested. In addition, deceleration
profiles of traffic approaching an intersection should be measured to establish parameters in the
improved adgorithm.
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Not listed in Table 5-16 are the phenomena of target scintillation and multipath. Most sensor
systems such as radar are subject to angular or doppler scintillation and multipath. Scintillation, where
multiple scattering centers on a single target result in a spread in doppler (as well as angle) which in turn
resultsin multipletracksfor asngletarget. Thisproduceserrorsin warning times. Scintillation and multipath
effects need to be examined and minimized through radar waveform and sgnal processing techniques. On
this program, tracker logic was employed to diminate the spurious tracks and use only the primary track
fromasngletarget. In addition, on-road tests showed the possibility of multipath resulting in the erroneous
location of atarget which then generated atrack and awarning. Techniques and sdection of parameters
to minimize multipath have yet to be explored.

55.2 DGPSGIS

The development and testing of the GIS/GPS system provided ingght as to some performance
guidelines that are necessary for the system. The system that was developed for the ICAS program isa
sraight-forward system that is capable of being deployed with sufficient investment by the government or
private industry. Performance guiddines for the system are summarized in Table 5-17, and discussed
below:

Table 5-17 Performance Guidelines - DGPS/GI S System

Parameter Sour ce Current Value Desired Value Affects
consistency of
Vehicle position alarms, tracker
accuracy DGPS 3 meters 3 meters accuracy
, consistency of
Intersection alarms, tracker
location accuracy GIS 3 meters 1 meter accuracy
Vehicle position consistency of a,
update rate DGPS 10Hz 10Hz dams
Accuracy of
roadway data ability of systemto
elements GIS >099.9% >099.99% function
Accuracy of ability to point
roadway shape radar, vehicle
characteristics GIS >99.99% >98% position
) Provision of
Accuracy of Traffic warning, system
Control Device actions at
Inventory GIS >99.99% >99.99% intersection
Datalatency GIS/GPS <0.1sec 0.3sec Provision of
warnings

» Position and roadway information update rate of 10 Hz adequate for ICAS.
The ICAS system performed adequately when operating at a system update rate of 10Hz.
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Investigation of vehicle position update rate of 1 Hz, which is the update rate for sandard GPS
systems, was found to be inadequate to support the countermeasure function. The inadequate update
rate caused fdse darms and inconsstency of the warnings provided by the GISGPS unsignalized
intersection warning system.

* The system software was able to access the map database in real time to support transfer of
inter section information tothe Threat Detection Systemand unsignalized inter section warning
systemin a timely manner.

The system software for the ICASis adequate to process map information in real-time and to provide
roadwaly and intersection information to the countermeasure. Timeddaysinthe ng of map data
were not sufficient to cause problems with data flow and processing of countermeasure functions

» Positional accuracy of ~3 meters generally found to be adequate.
Tedting of the GPS/DGPS system againgt known markers proved that the system provided positiona
accuracy of gpproximately 3 meters. Thisaccuracy is within the specifications of mogt differentid -
equipped GPS systems. In generd, this accuracy specification was found adequate to support the
ICAS function. In specific cases, agreater positiona accuracy wasfound to reducefasedarmsinthe
threat detection system.

« Thelatency of data isimportant in the ICAS, and needs careful attention to detail.
The latency of data being provided by the various sensorsin the ICAS is a critica areathat must be
addressed. Common to many gpplications where vehicle position and dynamics are being measured,
the synchronization of data streamsis important. Section 5.2.2.3 described a latency of the vehicle
speed data that caused problems with system performance. The vehicle speed data was delayed by
1.5 seconds, and was causing false tracks to be initiated by the threat detection system tracker
software. |dentifying this problem and rectifying it solved the problem.

5.5.3 Driver VehicleInterface

The Driver Vehicle Interface is the direct connection between the ICAS sensor and processing systems
and thedriver. Thissysem mugt provide the driver with adlear indication that a collison isimminent, and
provide theinformation in an unambiguous manner to alow the driver the maximum amount of timeto react
to the warning. Table 5-18 provides the Performance Guiddines for the Driver Vehicle Interface as
goplied in the ICAS program.

5-87



Table 5-18 Performance Guiddines

Driver Vehicle Interface

Par ameter Sour ce Current Value Desired Value Affects
Provide multiple DVI Visual Visual Driver reaction and
modes of warning Audio Audio reaction time
— advisory / dert Haptic Haptic
— warning
Useiconsto HUD Icons Icons Driver reaction and
transmit warnings reaction time
1kHz audio signal Audio system 1kHz audio signal 1kHz audio signal Driver reaction and
20db above 20db above 20db above reaction time
background background background
Requirement to stop haptic braking pulse parameters - pulse parameters- | Driver reaction and
transmitted by system three 100msec three 100msec reaction time
pulsing of brakes pulses separated by | pulses separated by

100msec 100msec

5.5.4 Guiddines Summary
The guidelines provided above were derived from the design and testing of the ICAS testbed

congructed in this program. During the development of these guidelines care was taken to provide

guiddinesindependent of specific technologies. Insome cases, such asthe DV, thiswasnot feasible. The
god wasto provide adescription of basic syslem functionsthat an ICAS must performin order to achieve
ameasure of collison prevention. These guiddines were redized and implemented in the ICAS testbed,

thereby providing an example of how intersection crashes may be prevented. Other system designers

should benefit from these guiddlines.
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6.0 ICASSYSTEM ANALYSIS

The completion of ICAS testing has provided an opportunity to evauate a number of system
features and tools. This section will examine the following issues:

» Vdidity of the computer model developed in this program
»  Countermeasure benefits
»  Countermeasure benefit if system applied on anationa bass
» Technicd feaghility of the ICAS countermeasure
» Practicaity and cost of systlem implementation
» Criteriaand procedures to evaluate
— frequency and effect of fase darms
— factorsthat could degrade system effectiveness

These areas will be discussed separately in the sections that follow.
6.1  Validation of Threat Detection System
6.1.1 Warning On and Off Times

A primary measure of the threet detection system performance is the activation and deactivation
warning times of the countermeasure relative to the times that the warning should have activated and
deectivated. A quantitative eva uation of warning timeswas performed on the Veridian test track (VERF)
by cresting an intersection on the track and instrumenting the roadway through the intersection with
pressure gtrips which, when run over by thevehicle, close arelay which appliesamarker to theradar data
being recorded. For warning evauation, the critical pressure strips are the two at the edges of the
intersection. Both Scenario 2, with the ICA vehicle waiting on the crossroad as if preparing to cross, and
Scenario 1, with the ICA vehicle waiting in the opposing adjacent lane across the intersection, Situations
were investigated. A single target traveling a constant speed was employed approaching and traversng
the intersection from east to west. Figure 5-9 showed the VERF. Figure 6-1 shows the system validation
test set-up. Approximately 40 runs (a run is one experiment with target approaching intersection) were
made during July and November of 1998 and were distributed over the three radars and three different
speeds. Radar data (range and range rate) dong with pressure strip markers were gpplied to the
MATLAB® smulation (tracker, collisionwarning agorithm) and acomparison was made of activation and
deactivation times, first by speed and then for dl speeds. Some tracker parameters were modified in the
gmulaion as the data were evaluated. Note that the red time system is a “C” code copy of the
MATLAB® non-red-time smulation, so that performance evaduated with the non-red-time program
gppliesaso to the red-time system. Table 6-1 showsasummary of the resultsfor the center, left and right
radars. Turn-on and turn-off errors were averaged over two or three speeds. Although some of the errors
were larger than hoped for, the averages and standard deviations of the warning errors were deemed
acceptable.
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Note that thisvalidation gpproach doesnot require atarget vehicleinstrumented with atrangponder
to determine its exact location and closing rate with respect to the ICA vehicle. While the latter is very
desrable, it isaso very cosly.

Table 6-1 Activation and Deactivation Measurements

Turn On Error Turn Off Error
Date Radars Speeds Scan
(MPH) AVE.* (sec) S.D. (sec) AVE.* (sec) S.D. (sec)
7/98 Center 15, 30 N 0.04 0.4 -0.6 0.5
11/98 Left 15, 30, 45 Y 0.6 0.5 0.03 0.3
11/98 Right 15, 30, 45 Y 0.8 0.4 0.6 0.8

* (-) means ON or OFF LATE

6.1.2 Radar RangeErrors

Using the same experimentd st up shown in Figure 6-1, range errors were determined between
radar range measurements on asingle target and the target range as determined by the pressure strips. For
the range errors, al pressure strips are used. As the target approaches the radar vehicle, the target is
tracked and its range is measured. Figure 6-2a shows examples. Three range tracks, from threeruns, are
shown asafunction of time. Also indicated isthe pressure strip (PS) data. A linear fit (not shown) ismade
to the PS data and the error between the radar and PS data is computed. For the 3 runs shown, the mean
and standard deviation of al the differences (errors) between thelinear fit to the PS dataand the radar data
was 6.3 ft. and 4.5 ft., respectively. The errors are plotted in Figure 6-2b as a function of range. A
quadratic fit to the errorsis made and is shown in the figure. The mean error can be corrected by applying
cdibration coefficients to the data. The mean of the errors about the corrected datais zero. The standard
deviation about the quadratic fit is 1.6 ft. The low vaues of errors (mean and standard deviation) for the
uncorrected radar range data (Figure 6-2a) as well as the small spread of error data about the quadratic
fit (Figure 6-2b) suggested that correction isnot worthwhile. Moreover, over the volume of datacollected,
the cdibration coefficients that were computed seemed to vary substantidly. Further investigation may
reved trends that would alow further minimization of errors. For the system evauations reported herein,
no range error correction was used.
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6.2 Counter measur e Benefits

Completion of testing of the ICAS has provided an opportunity to determine the benefits of the
system in preventing intersection crashes. Benefits are defined the ability to prevent the types of crashes
identified in the intersection crash typology described in section three of this report. Each of the crash
scenarios described in section three are composed of specific characteristics and causal factors that the
countermeasure is designed to circumvent. The countermeasure designed and built during thisprogram is
cgpable of providing the driver information that will assst them in avoiding the crash.

6.2.1 System Effectiveness Calculation

The evduation of ICASeffectivenessfollowsthe framework established by NHTSA for evaluation
of Collison Avoidance System Benefits. The framework compares the number of crashes that occur in
the current automotive environment, and then utilizes countermeasure performance data to evauate the
number of collisons that could be avoided by use of the countermeasure. This procedure has been
followed in this document.

The effectiveness of the |ICASis defined asthe proportion of the intersection crash population that
the countermeasure can prevent. To perform this calculation the evauation utilized the population of
intersectioncrashes described in Section 3 of thisreport. Each of these crash scenarioswere decomposed
into specific characteristics and causal factors that were addressed by the countermeasure. These
decompogtions are illugtrated in Figures 3-6 to 3-8. The characteristics, such asthe traffic control device
present at the intersection, or the causal factor associated with the crash scenario are mapped to specific
subsystems within the countermeasure. 1t should be noted that benefits associated with the Signd-to-
Vehicle Communication system are described, even though this system is not implemented in the ICAS
Testbed. Table 6-2 illustrates the breakdown of the intersection crash population by the traffic control at
the intersection. Note that the percentages shown are cumulative to the entire intersection problem.

Table6-2
I nter section Population by Traffic Control Device
Traffic Control Device

Scenario Description Signal Stop Sign None
1 Left Turn Across Path 20.7% 0.0% 31%

2 Perp. Path - Inadequate Gap 0.0% 30.2% 0.0%

3 Perp. Path - Violation of T.C.D. 23.3% 20.6% 0.0%

4 Premature | ntersection Entry 21% 0.0% 0.0%
Total 46.1% 50.8% 31%
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Each of these scenarios’TCD combinations may be assigned to the countermeasure system that
is desgned to dleviate this problem. Thisisshown in Table 6-3 below:

Table6-3
Counter measur e System Assignment
Traffic Control Device
Scenario Description Signal Stop Sign None
1 Left Turn Across Path TDS/GISGPS - TDS/GISGPS
2 Perp. Path - Inadequate Gap - TDS/ GISIGPS
3 Perp. Path - Violation of TCD Comm. GISIGPS
4 Premature | ntersection Entry Comm.
Where: TDS = Threat Detection (radar) System
GISSGPS = Geographic Information System / Globa Postioning System
Comm. = Signd-to-V ehicle Communication System

To evauate the benefits of the ICAS the effectiveness of the system in dedling with each scenario
mugt be determined. The assgnment of the subsystems to each scenario provides an avenue to link the
performance of each sub-system to effectiveness of the countermeasure to prevent these specific types of
crashes. Thecdculation of system effectivenessfor each of the scenarios can be described by thefollowing
equation:

| CASEffectiveness= np ~ (1- & - tm - er )
where:

n, = percentage of population for specific crash scenario
& = percentageof fasedarms

t, = percentage of missed targets

ps = percentage of scenario population with causal factors not addressed by countermeasure

Asmay be observed, the components in the parentheses make up the effectiveness of the specific
ICAS system.



Summing the percentages from Table 6-2 for each of the ICAS sub-systems provides the
assignment of crash population by countermeasure system. Thisisillusrated in Table 6-4.

Table 6-4
System Digtribution of I nter section Problem
Per centage of I ntersection
ICAS Component Crash Population
Threat Detection System (Radar) 54.0%
GISIGPS 20.6%
Signal-to-V ehicle Communication 254%
Total 100.0%

The digribution of the intersection crash population provides an opportunity to examine the
effectiveness of the system as a sum of the efficiency of each system to provide the driver the informeation
required to prevent the crash. This gpproach requires a number of assumptions be made to provide an
eslimate of system effectiveness. These assumptions are listed below:

Assumption:
Driver compliance with DVI-provided warningsis 100%.

Discussion:

The rate of driver compliance with a warning provided by the driver-vehicle interface can
overwhelm the other effects of systlem performance. An assumption of 100% compliance, while
not redistic from experience, can be used to provide an upper boundary for the system
performance. Futureresearchinto driver compliancewith warningsfrom I TS equipment will alow
a better understanding of thisissue and alow a stronger base for system evauation.

Assumption:
Countermeasure System is implemented as per the Testbed Configuration.
Discussion:
The ICAS Testbed has anumber of festures that may be implemented in the driving environment.

Primary to thisistheimprovement, both in cost and capability, of the globd positioning sysem and
map databases. The Intersection Testbed utilized a global positioning system with differentia
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corrections. Thisconfiguration isnot affordable at thistime dueto cost of the differentid receiver.
Thisisadgtuation that is rgpidly changing however, and should not cause this syssem from being
consdered in future equipment.

The map database used in the ICAS program was provided by Navigation Technologies
(NavTech) and is complimentary to the map product they produce for many customers in the
automotive and navigationindustry. Thismap product differed from the standard Nav Tech product
by having ahigher precision asto intersection location, and theincluson of an additiond datafield
for identification of traffic control device at each intersection. These changes for the standard
NavTech product were al implemented by NavTech and represent an additiona cost that would
be required to be borne prior to deployment of the countermeasure.

Taking these assumptions into consderation, a caculation of system benefits can be made that
takes into account the effects of false alarms, missed detections and other factors that would
degrade system performance. Note that these degrading factors are detailed in Section 5 of this
report in the discussion of each system. Table 6-5 provides the effectiveness of the ICAS in
preventing intersection collisons. Note that this table delineates the crash problem by system
component, and aso illugtrates the system configuration as developed intheICAS Testbed. This
configuration does not include the Signd-to-Vehicle Communication System, and therefore,
edtablishes an upper limit on the effectiveness of the entire sysem. The cumulative effectiveness
of the system is a proportion of the crash problem that is handled by each system, and a
degradation of this vaue by the amount of false and missed aarms noted for each system during
the testing phase of this program. 1t should be noted that this value may be conservative, because
dl fdse darms may not cause a crash. Since there is no evidence to quantify this value, a
conservative gpproach isto consder dl false and missed darmsto adversely affect the cumulative
effectiveness of the system.

Assumption:
The ICAS countermeasure is deployed in 100% of the vehicles in the nationa automotive fleet.
Discussion:
Since there is no prior history on the rate of penetration of collison avoidance systems into the
nationd automotive fleet, we are assuming a 100% rate to provide a celling rate of system
effectiveness and benefits. This assumption may be modified when datais available to support a
relevant rate of market penetration.

Benefit Estimation



The edtimate of benefit that may be redized by implementation of the ICAS, or System
Effectiveness, may be caculated by summing the effectiveness vaues of the ICAS for each of the crash
scenarios, or

[0}
S)/S. Eff.=a (eff (scenno. 1) + €ff. (scenno. 2 + Eff (scenno. 3) + Eff (scenno. 4))
where
eff. = system effectiveness in preventing the specific crash scenario.

The relative proportion of the ICAS to prevent intersection crashes is tabulated in Table 6-5 below.

Table 6-5
| CAS Effectiveness
I nter section Cumulative
| CAS Sub-System Crash ICAS Testbed Effectiveness

Population
Threat Detection System 54.0% 54.0% 44.3%
(radar)
GIS/GPS 20.6% 20.6% 19.6%
Signal-to-Vehicle
Communication 254% 0.0% 0.0%

100.0% 74.6% 63.9%

The I CAS has the capability to prevent
63.9 percent of intersection collisions
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6.3 Benefits of Nationally Deployed ICAS

The benefitsof anationa ly deployed | CAS can be determined by examining the number of crashes
that may be prevented by the deployment of ICAS. The effects of reducing collisons can have wide
ranging affects, from reduced traffic congestion, to reduced hedthcare costs. The U.S. Department of
Transportation has compiled dtatistics relating economic costs to motor vehicle crashes. This report
determines the cost of motor vehicle crashes based on accident severity. This report was used as a
reference in the assgning of vauesto specific injury severities. To utilize this data the intersection crash
problemwas segregated by crash severity. Thistask wasreported in Task 1 of thisprogram. Further, the
intersection accident crash population was segregated by crash scenario and traffic control to alow
assgnment of each scenario to specific countermeasure sub-systems. With this distribution of the crash
popul ation accomplished, the effectiveness of each ICAS systerm may be gpplied to determine the number
and severity of crashes that may be prevented by the deployment of an ICAS

6.3.1 CrashesAvoided

The number of crashes that a deployed ICAS can prevent may be determined by applying the
population digtribution provided in Table 6-2 to the tota population of crashes. Task 1 of this program
identified the total population of intersection crashes from examining the 1993 Nationd Automotive
Sampling System datistics database. Using this approach, the total number of intersection crashes was
determined to be 962,000 crashes. Applying thistotd to the population distribution yields the distribution
shown in Table 6-6. Please note that rounding errors have occurred in the compiling of thistable.

Table 6-6
I nter section Crash Population Digtribution

Crashesby Traffic Control Device
Sce Description Signal Stop None
nari Sign
0
1 Left Turn Across Path 199,000 0 30,000
2 Perp. Path - Inadequate Gap 0 291,000 0
3 Perp. Path - Violation of T.C.D. 224,000 198,000 0
4 Premature | ntersection Entry 20,000 0 0
Total 443,000 489,000 30,000

The intersection crash population may be applied to the assgnment of ICAS equipment shownin
table 6-2 to acquire the tota number of crashes that the countermeasure may be effective in preventing.
To further this, and to determine the severity digtribution of the crashes prevented, we will utilize a
digtribution of crash severity by vehicle maneuver presented in Task 1. This digtribution segmented the
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intersectioncrashesby vehicle maneuver, wherethe possible maneuverswereintersecting pathsand vehicle
turning. Intersecting paths correspond with perpendicular crashtypes, i.e., scenario 2 and 3. TheVehicle
Turning distribution is gpplied to scenario 1. Scenario no. 4 is assigned to the perpendicular path
digribution. The AlS severity digtributions areillustrated in Table 6-7 below. Note that the distribution
isapercentage for each maneuver / traffic control configuration. Statisticsfor AlS category 4 (severe) and
5 (fatd) are combined in thistable.

Table 6-7
Severity Distribution of Intersection Crashes
Maneuver Traffic Control AlS Severity
0 1 2 3 4
Turning Signal 65.1% 17.2% 11.9% 4.9% 0.9%
Stop Sign 57.4% 239% 12.0% 6.1% 0.9%
Perpendicular Signa 41.5% 32.3% 17.9% 6.7% 1.6%
Stop Sign 72.1% 13.9% 8.9% 48% 0.4%

This severity digtribution may be applied to the intersection crash distribution to provide data
regarding the severity distribution by scenario and traffic control. Note that two of the scenarios, nos. 2
and 4 have the traffic control as aimplied condition of the scenario. Thisresultsin zero cell entriesin
the charts. Tables 6-8 and 6-9 illustrate intersection severity distribution by scenario and traffic control.

Table 6-8
Scenario Severity Distribution - Phased Signals
Al S Severity
Scenario | Description 0 1 2 3 4
1 Left Turn Across Path 149,079 39,388 27,251 11221 2,061
2 Perp. Path - Inadequate Gap 0 0 0 0 0
3 Perp. Path - Violation of TCD 92,960 72,352 40,069 15,008 3584
4 Premature Int. Entry 8,300 6,460 3,580 1,340 320
Total 250,339 118,201 70,929 27572 5,969
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Table 6-9
Scenario Severity Distribution - Stop Signs

AlS Severity
Scenario Description 0 1 2 3 4
1 Left Turn Across Path 0 0 0 0 0
2 Perp. Path - Inadequate Gap 209,811 40,449 25,899 13,968 1,164
3 Perp. Path - Violation of TCD 142,758 27522 19,622 9,504 792
4 Premature Int. Entry 0 0 0 0 0
Total 352,569 67,971 43521 23472 1,956

The above digribution of the intersection crash population may be assigned to the ICAS sub-
systems to determine the number of crashesthat could be prevented. By applying the effectivenessrates
for the sub-systems to the scenarios and traffic controls as shown in Figure 6-2 a number of total crashes
may be determined by scenario and severity. Tables6-10, 6-11, and 6-12 illustrate the intersection crash
population by scenario and severity. Table 6-10 provides the intersection crash population without
gpplication of the countermeasure, Table 6-11, with the countermeasure, and 6-12 illustrates the change
in the intersection crash population brought about by use of the ICAS.

Table6-10
I nter section Crash Population Without Counter measure
AlS Severity
Scenario | Description 0 1 2 3 4
1 Left Turn Across Path 149,079 39,388 27,251 11,221 2,061
2 Perp. Path - Inadequate Gap 209,811 40,449 25,899 13,968 1,164
3 Perp. Path - Violation of TCD 235,718 99,874 57,718 24512 4,376
4 Premature I ntersection Entry 8,300 6,460 3,580 1,340 320
Total 602,908 186,171 114,448 51,041 7,921
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Figure6-11
I nter section Crash Population With Counter measure

Al S Severity
Scenario |Description 0 1 2 3 4
1 Left Turn Across Path 26,834 7,090 4,905 2,020 371
2 Perp. Path - Inadequate Gap 37,766 7,281 4,662 2514 210
3 Perp. Path - Violation of TCD 98,670 73453 40,801 15,388 3,616
4 Premature Int. Entry 8,300 6,460 3,580 1,340 320
Total 171,571 94,284 53,984 21,262 4516

The vaueswith Table 6-11 provide the distribution of intersection crashesthat might be observed
after the deployment of the | CASwithin theautomotivefleet. The savingsfrom thewithout countermeasure
values are tabulated in Table 6-12 below.

Table6-12
Reductionsin Inter section Crashes by Severity
AlS Severity
0 1 2 3 4
431,337 91,887 60,500 29,779 3,405

The reductions in the number and severity of intersection crashes that may be observed through
the deployment of an ICAS shown in Table 6-12 alows an application of the economic impact of
intersectioncrashesto bedetermined. Vauesfor the economicimpact of automotive accidentsisprovided
by NHTSA (Blincoe, 1994). This study found:

Each fatality resulted in lifetime economic costs to society of over $830,000. Over 85% of this
cost isdueto lost workplace and household productivity.

Average cost for each criticdly injured survivor was $706,000 - nearly as high asfor afatality

Using these vaues for saving due to reduced fatdities a savings of $2.8 billion dollars per year.
The amount of savings for reduced critica injuriesis $2.1 billion dollars per year.

The deployment of the | CAS could prevent
up to 617,000 intersection crashes asthe
system entersthe vehicle population. This
could provide an economic savings of over

$4.9 billion dollars per year
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6.4  Technical Feasbility of ICAS Countermeasure

The technicd feaghility of the ICAS is defined as the ahility to construct an ICAS that could be
implemented into the automotive flegt. It isafunction of the technology used and the unique features used
inthe implementation of the ICAS. During theinitid stages of this program no consideration was given as
to the technical feashility of the syssem. The key to the project was to determine if intersection collison
avoidance could be performed. The technical feasbility of the concept developed wasto be evaluated at
the completion of the program. The Task 3 report of this program detailed the concept of the in-vehicle
collison intersection collison avoidance sysem. Task 4 of the program eva uated whether the technology
existed to develop the ICAS. Task 4 determined that the technology existed, and was being rapidly
improved, to support the development of theICAS. The system described in Task 3 has been developed
in subsequent Tasks in this program to the prototype vehicle described in previous sections.

The ICAS Countermeasure described within this report has been congtructed using commercia
off-the-shelf (COTS) equipment modified for use on this system. As such, the components used on the
ICAS arereadily avallable. Theintegration of these componentsisthedriving factor in thefeasibility of the
sysdem. Factors influencing the technicd feaghility shal be addressed in a review of each of the
countermeasure sysems. This review isincluded in the sections that follow.

6.4.1 Threat Detection System Feasibility

The threet detection system utilizes a system of three radars to monitor vehicles gpproaching the
ICAS Testbed from +/- 110° from the vehide' s longitudind axis. The threat detection system utilizesthe
radar data to condruct a situationa awareness of vehicle positions and speeds. If another vehicleisona
intercept path, and both vehicles are gpproaching an intersection, the driver of the ICAS Testbed is
provided with awarning through a Head-up Display and audio tone. The magjor components of the threat
detections system are the three radar systems, the antenna pointing control system, signa processing
system, and the driver-vehicle interface. Of these systems, only the radar scan platforms were specidly
constructed for this gpplication.

The radars used are Eaton-VORAD EVT-200" s marketed to the trucking industry as forward
collision avoidance systems. These radars are of Frequency Modulated Continuous Wave (FMCW)
operating at 24 GHz. The headway-detection capabilities of these systems make them adequate for the
ICAS system. Theonly modification that has been made to these radarsistheinclusion of an RS-232 port
to alow the range and range rate data to be directly accessed by the computer system. Thismodification
is performed by VORAD &t the factory and is available upon request.

Radars are becoming more acceptabl e to the automobile manufacturers. The advent of Intelligent
CruiseControl (ICC) sysemsonvehicleswill alow manufacturersto becomefamiliar and comfortablewith
this technology. The use of radars in this gpplication has a direct consequence on the feasibility of the
ICAS sysem. The current generation of ICC radars are generdly millimeter wave systems operating at
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77 GHz. These systems measurerange, or headway, and range rate to the vehicle ahead of themin alane.
The ICAS system utilizes this same data, and with additiona processing, alows intersection collison
avoidance. Advancesin the affordability and religbility of these radar sysemswill have a positive impact
on the technicd feasbility of an ICAS.

The scan platformsthat drive the radar antennas are servomotor operated, and controlled through
computer command. The scan platforms are described in Section 5 of thisreport. These platformswere
designed by Veridian for this gpplication. One generic design is utilized for the three antennas. These
platforms were designed to support a development program, where operational parameters, such asscan
rate and scan azimuth were changed to reflect the changing requirements of the syssem. The scan platform
design used in the present ICAS is optimized for flexibility and to accommodate changing performance
characteristics. A scan system optimized for the ICAS could be derived from the current design, and be
more efficient and cost effectiveif required. Thiswas not a primary consderation in the current effort.

6.4.2 Geographical Information System / Global Positioning System

The Geographica Information System/ Globa Positioning System (GIS/GPS) providesthevehicle
position and roadway configuration data to perform the warnings of sop sign violation, and the dynamic
pointing of the vehicle radar system.

6.4.3 Signal Processing Systems Feasibility

The sgnd processing system consigts of the software and hardware required to receive the data
being provided by theradars, the capacity to run thetracking and antenna pointing software, and to operate
the antenna pointing hardware and driver-vehicle interface. At thistime the ICAS uses an Intel Pentium
233 MHz processor housed within a mini-tower case. All the computer hardware is commercid qudity
systems, purchased off the shelf. The software to run the ICAS equipment was developed by Veridian
Enginearing, and iswritten in “C” language.

Although the computer hardware on-board the ICAS isin excess of what isfound on automobiles
today, alarge portion of the memory and input/output (1/0) deviceson the ICAS are required to configure
the system, and record test data. A dedicated ICAS processing equipment suite could be smplified
greatly. The complexity of the remaining hardware is comparable to an engine management compuiter.

6.4.4 Driver-Vehicle Interface Feasbility
The ICAS utilizes amulti-moda Driver-Vehicle Interface (DV1) as detailed in Section 5.3 of this
report. The main components of the DVI consst of the Head-up Display, Audio Tone Generator, and

Haptic Braking System. These sub-systems utilize a combination of COTS and purpose-designed
equipment.
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The Head-up Display (HUD) used inthe ICAS Testbed isa Del co Electronics DataVison Head-
up system. Thisunitiscommercidly avalable and ismarketed to Police agencies. Head-Up Displayshave
been offered on production automobiles in the recent past. The 1989-1995 generation Nissan Maxima,
for example, offered a HUD to digplay vehicle speed and vehicle status information. The 1995-1998
Pontiac Bonneville aso offered aHUD system. The technology to implement aHUD to provide warning
information is available and could be utilized to provide the driver with warnings of impending collisons.

The audiotonegenerator was utilized in the| CAS Testbed to provide an audio tonein coordination
with the HUD to warn the driver of an impending crash. The system used in the Testbed was a
commercidly available computer sound card, with two speakers. The sound card was mounted within the
mini-tower case of the ICAS computer. Warning tones were generated when the thresholds of the gap
time and g, metric were exceeded. Any future implementation of audio warnings could be incorporated
within the sound system of the host vehicle. The use of the in-vehicle speakers would smplify the
countermeasure design, but requires the integration of the system into the vehicle architecture. Thiswas
beyond the current program effort, but is performed during the course of equipment selection in the OEM
manufacturing process.

The haptic braking system implemented within the ICAS Testbed is designed to support research
into the use of haptic feedback to providewarningsto thedriver. The system utilizesasecondary hydraulic
system actuating a secondary brake calipers mounted on the Testbed' s brake rotors. The system utilizes
COTS equipment, from brake calipers designed for racing gpplications, to a hydraulic pump designed for
used on towed trailers. This system is designed not to interfere with the operation of the primary braking
system. A detailed description of the Haptic braking system is provided in Section 5.4 of thisreport. It
should be noted that non-interference with the vehicle primary braking system was a prime design
congderation in the haptic sysemdesign effort. Thisgod was met and hasresulted in an excellent tool for
research into haptic transmission of collison warnings.

The operation of the haptic braking system can be replicated in current vehicles through the use of
brake by wire technology. This technology is becoming more affordable and staring to see its way into
production automobiles. Daimler Chryder, BMW, and Cadillac are utilizing pulsing of the brakes,
controlled through an on-board computer, as ameans of spin protection. The haptic braking that isbeing
used in the ICAS testbed is an evolution of this technology.

6.4.5 Vehicle Configuration Feaghbility

In the effort to design and fabricate the ICAS Testbed the leve of equipment on the vehicle and
the components that had to be integrated into the platform had to be consdered. The most criticd
questions of equipment placement entailed the radar systems. Previous testing with the Veridian
Instrumented V ehicle had shown that there was a definite advantage to mount the sde-looking radars high
on the vehicleroof. From this vantage point the radars were able to look over other cars making turnsto
the right or left of the Testbed. This feature dlowed greater time on target for the radar and a greater
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accuracy of thewarnings.  This mounting, while not fitting within the styling criteria of many vehidles, isa
potential method of mounting theradarsto retain their functiondity. Re-siting theradarsto another location
is ds0 possble. Mounting three radars within the forward bumper structure is possible, athough not
investigated in this program.

6.4.6 Summary
Table 6-13 illustrates the Technica feashility of the components utilized in the ICAS testbed.

Table6-13
ICAS System Feasibility

ICAS System / Component Status Comment

Radar Sensor COTS present components acceptable, but further
development required for deployment

Radar Scan Platforms Veridian Design present components acceptable, but further
development required for deployment

Signal Processing COTS present components acceptable

GIS (map database) Modified COTS additional datarequired, improved accuracy of
intersection locations, roadway shape
characteristics

GPS/DGPS COTSs present components acceptable

HUD COTS present components acceptable, but further
development required for deployment

Audio Tone Generator COTS present components acceptable, but further
development required for deployment

Haptic Braking System Veridian Design Integration with OEM brake system desirable

Software Veridian Design Further devel opment required

Vehicle Platform Modified COTS Integration effort if deployed by OEM

ThelCASistechnically feasibleto deploy
asa collison avoidance system. Cost of
the main sensor, theradar system, would

drive deployment
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6.5 Practicality and Cost of System Implementation
6.5.1 Practicality of ICAS System Implementation

The practicdity of deploying the ICASisafunction of the technology used in the system, maturity
of the technology, and cost of the technology. This has to be balanced by the perceived benefits of the
ICAS. The benefits of the have been discussed in section 6.3 - 6.4 above. It is evident that a fully
developed and deployed ICAS can have asignificant positive affect in preventing crashes at intersections.
Ingloba terms, thereisno new technology used within the | CASthat would beincompatible with asystem
deployment. Many of the systems utilized in ICAS are COTS, with modifications made to suit the
intersaction environment.

The main components of the ICAS - the radars and GIS / GPS are dready seeing limited
deployment inthe automotivefleet. The VORAD radar system and use of |CC by auto manufacturerscan
be used as an implied acceptance of this technology by the OEM’s. Similarly, navigation systems are
becoming common place with the ranks of more expensive vehicles. The agpplications to which these
technologies were used are unique, but not outside of the envelope which they were designed for. The
processing electronics uses standard desktop computer components, while not advanced technology, it is
not suited for long term usage in a automobile. This area is advancing however, with the advent of the
autoPC. Thissystem, while not sufficient to run the ICASinits present iteration, illustrates the use of more
computer power into avehicle. A more rdevant example may be the use of computer sysems within a
Police vehicle. These systems are generaly hardened for their use in the vehicle environment, and are
reliable.

The countermeasure concept developed in
this program is a valid approach to
performing inter section collision avoidance.

6.5.2 Cost of ICAS
The ICAS Testbed was congtructed from commercidly available components, with custom fabricated

systems being used only when necessary. Table 6-14 tabulates the costs of the equipment utilized in the
ICAStestbed. Certain system costs, such asthe radar scan platforms, are only estimated.
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Table 6-14
|CAS Testbed Cost

Component Cost (9)

Testbed Vehicle 12,000
VORAD radar system (3) 15,000
Main Computer 500
Laptop Computer 2,000
Differential GPS Receiver 900
GPS receiver 2,700
Radar Scan Platforms (3) 1,500
Haptic Braking System 3,000
HUD 2,000
Miscellaneous 1,000
Total 40,600

The question of ICAS cogt to the consumer is difficult to answer, because technology is a
improving the quaity of the sensorsused in ICASwhile & the sametime driving down their cost. Although
the sum of the hardware costs may be tabulated for the ICAS Testbed, this value would not take into
account any re-design that would make the system more efficient for mass production. Thel CAS Testbed
is a research system with system capabilities that dlow for variation in many system parameters. This
additional capability adds cost to the system and would not be required in a production ICAS. Systems
such as the haptic braking equipment could be integrated within the vehicles ABS and stability control
system, the equipment infrastructure of a navigation system could be utilized to support the GISGPS
sysem. These cost savings are difficult to quantify in a production situation.

The software devel opment accomplished in the course of this programissubstantia, overwhelming
the cost of the hardware. This amount would be considered a non-recurring cost in a production ICAS,
and its cost would be amortized across a number of sold units. The cost of software development is not
included in the Testbed vehicle cods.
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7.0 SUMMARY AND RECOMMENDATIONS

This section summarizes the accomplishments of the program and provided NHTSA with
recommendations as to the development future of the Intersection Collison Avoidance System.

7.1 Program Summary

Thelntersection Collison AvoidanceUsing I TS CountermeasuresProgram devel oped a prototype
collisonavoidance system for use at intersections. This system was derived through the review of nationd
crash databases such as the National Accident Sampling System Crashworthiness Data System
(CDS)(now titled National Automotive Sampling System), Genera Estimates System (GES), and Fatality
Andyss Reporting System(FARS). This review of accident data provided a series of accident
characteristics and system requirementsthat the countermeasure had to meet to address the intersection
crash problem.

The countermeasure requirements lead to the development of three countermeasure concepts.
These three concepts were the Driver Advisory System, the Defensive System, and the Communication
System. Thefirgt two had smilar fegtures, including an on-vehicle radar sysems and ameans of detecting
intersections, such as a mgp database. The third system, the Communication System, utilized
communication between al vehicle approaching the intersection and the intersection itsdf. The
Communication System Countermeasure was discarded because it required that al vehicles be equipped
with the countermeasure prior to effective collison avoidance take place. The Driver Advisory and
Defengve Sysemsweresmilar, varying only intheamount of control the system had over vehiclefunctions.
The Driver Advisory and Defensive Countermeasure Systems were developed into final countermeasure
that is documented here.

A detalled system design was completed on the countermeasure. System tests, involving the on-
vehicle radar and braking systems were performed to provide design data. The ICAS design was
presented to NHTSA in a criticd desgn Review in November 1997. Comments from the Customer
resuted in a redesign of the countermeasure. The wide-angle forward looking radar system was re-
evauated to dlow a partid solution to be developed usng commercidly available radar systems. The
sgnd to vehide communication system was discarded. The redesigned ICAS, while not able to address
the entire intersection crash problem, was cgpable of performing research into system requirements for
second generation ICAS.

The redesigned ICAS components were fabricated and developed on a Veridian Insrumented
Vehicle. Thisvehicle, a 1993 Ford Taurus, was equipped with data acquisition and camera equipment
aufficient to alow evauationof each system component. Both the Threat Detection System and GISGPS
sysems were indaled and tested on the Veridian Instrumented Vehicle. A number of technicd highlights
occurred on this vehicle:



development and evauation of red time sop Sign violaion warning sysem

linkage of map database and radar system

development of dynamic pointing feature to control radar beam location
development of intersection encounter logic to prevent false and nuisance darms
basdline testing of driver behavior in response to intersections

driver testing of Stop Sign Warning System

development of automoative tracker system for intersections utilizing map informeation

OO OO OO

These advances were integrated into the ICAS Test bed Vehicle. Thisvehicle, a Ford Crown
Victoria, integrated the separate systems developed on the Veridian Instrumented Vehicle and resulted
in atechnicaly viable Intersection Collison Avoidance System.

The ICAS Test bed was utilized in over 150 separate tests, covering over 175 hours of on-road
tests of the Intersection Countermeasure. During these tests the ICAS Test bed passed on average 25
intersections per test. This resulted in over 4000 intersection encounters. The lessons learned as to the
performance guiddinesfor an |CASare detailed within thisreport with sufficient detail to be of useto future
sysemdesigners. Thisprogram started the design of the ICASwith no preconcelved ideas asto what was
required to accomplish the task. The design that resulted was a " clean sheet of paper” utilizing techniques
and equipment in new ways from which they were origindly desgned. The ICASisasolid design theat
needs no new technology, and minor modifications in exigting technology to be redized.

7.2  Recommendations
As a result of Veridian's work on the Intersection Collison Avoidance Using ITS Countermeasure

Program, a number of recommendations are being made to advance this technology and improve
automotive safety. These recommendations, and a discussion of each, follow.

Recommendation No. 1
Integrate left turn across path sensor algorithms developed on the
ICASintothe NHTSA VI Program

The ICAS program has developed agorithms and logic for using the range and range-rate data
produced by headway detection radars for left turn across path collison avoidance (LTAP CA). Range
and range-rate dataistypica outputsfrom theradar systems deployed for Intelligent Cruise Control (ICC)
and Rear-end Collison Avoidance (RE CA). The system Veridian usedto paformLTAPCA is, infact,
advertized as arear-end collison avoidance system.  With the same data being used in both the rear-end
and |eft turn across path collison avoidance dgorithms, an incrementa gain in automotive safety can be
redlized by implementing the LTAP capability into this sysem. The LTAP configuration of intersection
crashes condtitutes 23.8% of dl intersection crashes. Funding is available for the integration of ICC and
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rear-end calligon avoidance under the Intdligent Vehicle Initigtive. By including LTAP cgpability within
the ICC / RE CA VI program, a hear-term return on the investment made in ICAS may be realized by
NHTSA.

Recommendation No. 2
Continue development of map-based unsignalized inter section system

The map-based unsgnalized intersection collision avoidance system has ahigh potentia for neer-
term deployment. A number of market factors are making the deployment of this syssem more redizable.
Factors including advances in GPS accuracy, reduction in DGPS cogt, growth in navigation system
availahility, and improvements in map accuracy are dl leading toward the feasibility of moving the map-
based collison avoidance system to deployment. NHTSA can improve the potentia for deployment by
continuing the development of this sysem. By raising the profile of this type of sysem, through an
operationa test for example, the practicality, acceptance and usefulness of this system to the driving public
may be documented, prompting automobile manufacturer’s and firgt tier suppliers look at using this type
of system to differentiate their products.

Recommendation No. 3
Fund development of forward viewing, wide field sensor

The most important factor preventing the deployment of an ICAS-type radar system is that any
single sensor capable of fulfilling ICAS godsistoo codtly. Inthe current program apartid solution to this
problem was crafted that used multiple headway detection systems. To move the ICAS toward
deployment, a syssem more along the lines of the radar system designed in Task 5 is necessary. This
system used arotating beam to monitor the entire fronta agpect of thevehicle. Thistypeof sensor hasthe
capability to be used for other applications, aswel asICAS. Asan example, asensor such asthis could
be used for ICC aswell asrear-end collison avoidance. NHTSA can foster this devel opment by funding
investigations into fostering advanced manufacturing methods that could reduce the costs of sensors such
asthis. Another potential means of fostering this technology would be the use of dternative systems such
as LIDAR for this application.

Recommendation No. 4
Investigate use of signal-to-vehicle communication toimprove |ICAS
effectiveness

Theviolation of aphased Signd at intersections congtitutes 23.3% of the entireintersection collison
problem During the present ICAS program a system of traffic gnd-to-vehicle communication was
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designed that could be used to dleviate the violation of sgnaized intersections. Thisdesign entailed theuse
of Dedicated Short Range Communication (DSRC), in the form of spread-spectrum transmitter / receiver
to transmit the Sgnd phase, and time to phasing, to the gpproaching vehicle. The approaching vehicle
would apply the same a, metric to monitor whether the vehicle could pass through the intersection in the
time remaning prior to Sgnd phasing. Also desgned during the Task 5 effort were the message
configuration and operationd characteristics of the system.

The Signa-to-V ehicle communication system was dropped from the ICAS at the Critical Design
Review because of concerns in developing the system. Advancesin technology since the Critical Design
Review have lead to the gpplicability of other forms of DSRC to support the communication link between
ggnd and vehidle. Research and testing of a signa-to-vehicle communication system, based on the work
performed in Task 5 of this program, should beinitiated to increase the effectiveness of the ICAS design.

Recommendation No. 5
Continue investigation of Driver-Vehicle I nterface effectiveness and
driver acceptance

The issue of adriver’s pogtive reaction to warnings provided by a collison avoidance sysem is
dill to be determined. This single factor can overwhelm the caculation of system effectiveness, even
beyond the effect of sensor errors.  Preliminary work carried out in this program indicates that driverswill
noticethewarnings, and react in apodtive manner. Thewarnings provided in thisprogram, however, were
very limited, requiring the driver to react by applying the vehicles' brakes. This warning was provided
through both a HUD and audio tone. A weakness in this data is that we were unable to provide drivers
with crash imminent-type warnings in order to determine their positive reaction to the warning.

More research is needed in the area of driver vehicle interfaces for collison avoidance systems,
with emphasis placed on the reaction of the driver to time-critica warnings, such as would be seen when
adriver proceeds into the intersection with inadequate gap in the intersection crash scenario no. 2.



APPENDIX A
SUMMARY OF INTERSECTION TESTS, GISTEST AREA

There were many ICA system tests performed as the system was developed. Some were

performed on the Veridian Test Track, some on the road and in-traffic. Early on-road experimentsdid not
involve the GI S test area and consequently were selected tests for a specific intersection or roadway. In
early 1999 the system and GI S test area data were integrated and integrated system tests were initiated.
Table A-1 summarizes the integrated system tests performed while driving in the GIS tet area. The firgt
column is the date and the second column is a coded date followed by the experiment (run) number and
radar identification (v1 = left radar, v2 = right radar and v3 = center radar). The intersectionsidentified in
column 3 can be located on the map in Section 5. The observation time is the elapsed time of approach
to and exit from theintersection. It does not include the driving time between intersections. The 5" column
identifies the computer run number(s) associated with the MATLAB® simulation (which used the radar
data recorded during the run). The 6" column indicates on which 8mm tape the video was recorded. A
brief objective or comments are sometimes given in the last column.

Table A-1 Intersection Tests, GIS Test Area

Observ.
Date/Run/ Times | Compute
Date Radar Intersection (sec) r Run # Video Objectives/Comments
022699 Route: harrishill from pleasantview Tape 1[Record identity of intersection,
to main and back marker when in center of
intersection.
t022699_3v1 |harrishill north and main 370-405 r10389 | Tapel
t022699_3v2 harrishill north and main 370-405 rl0390 | Tapel
t022699_5v1 [harrishill south and main 228-273 rl0391 | Tapel
031599 Route: Harrishill from Pleasantview Check real time operation; Record
to Merrihurst and return demo tape.
t031599_0v1 [harrishill north and pleasantview 147-181 rl0397, | Tape 2
r10405,
r10421
t031599_0v2|harrishill north and pleasantview 147-181 r10406, | Tape 2
r10399
t031599_0v1 |harrishill north and bradley 184-192 rl0409 | Tape 2
t031599_0v1 |harrishill north and haskell 215-223 r10410 | Tape 2
t031599_0v1 [harrishill north and main 420-466 rl0392 | Tape 2
032499 Route: Harrishill from Pleasantview Check real time operation; Record
to Merrihurst and return demo tape.
t032499_0v1 |harrishill south and main 140-220 r10426 | Tape 2
t032499_0v2 [harrishill south and main 145-213 rl0438 | Tape 2
t032499_0v1 |harrishill south and sunset 259-266 rl0425 | Tape 2
t032499_0v1 |harrishill south and wehrle 282-300 rl0428 | Tape 2
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Table A-1 Intersection Tests, GIS Test Area

Observ.
Date/Run/ Times | Compute
Date Radar Intersection (sec) r Run # Video Objectives/Comments
041499 Check real time operation; Record
demo tape. Observe new scan
pattern.
t041499 1v1(harrishill south and genesee 308-320 rl0516 | Tapel
t041499_1v1 [harrishill south and howard 149-158 rl0521 | Tape 1|No traffic, no tracks. Good check
on small intersection.
t041499_1v1|harrishill south and main 103-127 rl0513, | Tape 1|Increased coast to 4 seconds.
r10510
t041499_1v2 |harrishill south and main 80-130 r10534, | Tapel [These 2 runs compared different
r10535 nominal (1V) accelerations.
t041499_1v2|harrishill south and main 80-125 rl0527 | Tapel |Building on right masks view,
creates multipath tracks. Tracks
occur when LOS clears.
t041499_1v2|harrishill south and main 103-127 rl0509 | Tapel |Building on right masks view,
creates multipath tracks. Tracks
occur when LOS clears.
t041499_1v2|harrishill south and main 80-130 rl0540, | Tapel [Compare different detection
r10542 threshold distances.
t041499_1v2 (harrishill south and main 80-130 r10531, | Tapel [Compare different detection
r10537 threshold distances.
t041499_1v2|merrihurst and harrishill 40-60 rl0508, | Tapel [1st left turn analysis.
r10505
042899 Warning evaluation; Track
evaluation; Eval of new scan
positions; Demo tape.
t042899_1v1 [harrishill south and main 70-107 rl0553 | Tape3 |Larger tracking gate, different R
and Q values; 2.5 second coast.
t042899_1v1|harrishill south and main 70-107 rl0551, | Tape3 |Warning modifications, different R
r10552, and Q values. (R, Q are Kalman
r10550, filter matrices.)
r10549
t042899_1v1 |harrishill south and main 70-107 r10543 Tape3
t042899_1v2 |harrishill south and main 70-107 rl0556. | Tape3 [Compare with and w/o logic for
r10557 crossroad tracks only. Premature
warning logic.
t042899_1v1 |harrishill south and wehrle 167-208 rl0548 | Tape3 [This run is consistent with real
time system, both gave no
warnings.
t042899_1v2|harrishill south and wehrle 167-208 rl0558 | Tape3 [Inconsistent with real time
system.
t042899_1v1 |harrishill south and genesee 280-310 rl0547, | Tape3 [Compare crossroad only logic.
r10545,
r10546
t042899_1v2 ([harrishill south and genesee 280-310 rl0559 | Tape3 [Premature warning logic included.
051199 Route: Harrishill from Pleasantview Test new logic, compare

to Merrihurst and return

simulation to real time
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Table A-1 Intersection Tests, GIS Test Area

Observ.
Date/Run/ Times | Compute
Date Radar Intersection (sec) r Run # Video Objectives/Comments
t051199_0v1 [harrishill and pleasantview 105-115 r10560, | Tape3 [Compare acceleration time
r10561, constant changes; gate changes;
r10582, coast time changes; R3 and Q3
r10586, changes; and percent of track
r10583, acceleration used in prediction.
r10584,
r10585,
r10587
t051199_0v1|harrishill and bradley 123-131 none Tape 3
t051199_0v1 |harrishill and haskell 157-162 none Tape 3|No targets, no warnings
t051199 0v1|harrishill and genesee 195-211 rl0575 | Tape 3
t051199_0v1 |harrishill and anna 217-223 none Tape 3
t051199 0v1(harrishill and wehrle 291-324 Tape 3
t051199_0v1 |harrishill and main 399-429 Tape 3
t051199_1v1|harrishill south and main 74-90 rl0576, | Tape 3|Compare different tracker gate
r10578, sizes.
r10579
t051199_1v1|harrishill south and wehrle 208-223 rl0580 | Tape 3
t051199 1v1(harrishll south and wehrle 227-250 rl0568 | Tape 3|Stopped at the intersection,
premature logic enabled (sim
only). 1 truck, 3 tracks
t051199 1v1(harrishill south and genesee 342-354 rl0569, | Tape 3|Compare different gate sizes and
r10570, different R3 and Q3 measure-
r10571, ments. Also, the distvorad vari-
rl0572, able is changed from 25 to 30.
r10573,
r10574
060299 | Run 3 and 4 |Route: Harrishill from Pleasantview
to Merrihurst and return
t060299_3v1 |harrishill and pleasantview 120-145 rl0618 | Tape 3
t060299_3v2 [harrishill and pleasantview 120-145 rl0619 | Tape 3
t060299_3v3|harrishill and pleasantview 120-145 r10620 | Tape 3
t060299_3v2|harrishill and genesee 220-227 rl0622, | Tape 3
r10627
t060299_3v3|harrishill and genesee 220-227 rl0623, | Tape 3
r10628
t060299_3v1 [harrishill and wehrle 305-343 rl0624 | Tape 3
t060299_3v1 [harrishill and wehrle 305-343 rl0642 | Tape 3|Changed curb radius from 1ft. to
10 ft.
t060299_3v1|harrishill and wehrle 305-343 rl0644 | Tape 3|Brake logic test. Dist = 20,
Speed =5
t060299_3v1 [harrishill and wehrle 305-343 rl0645 | Tape 3|Brake logic test. Dist = 5,
Speed =5
t060299_3v2 [harrishill and wehrle 305-343 r10629 | Tape 3
t060299_3v2 ([harrishill and wehrle 305-343 rl0643 | Tape 3|Changed curb radius from 1ft. to
10 ft.
t060299_3v3|harrishill and wehrle 305-343 rl0630 | Tape 3
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Table A-1 Intersection Tests, GIS Test Area

Observ.
Date/Run/ Times | Compute
Date Radar Intersection (sec) r Run # Video Objectives/Comments
t060299_3v1 [harrishill and main 406-442 rl0631 | Tape 3
t060299_3v2|harrishill and main 406-442 rl0632 | Tape 3
t060299_3v3|harrishill and main 406-442 rl0633 | Tape 3
t060299_4v1 |harrishill south and main 50-70 rl0649 | Tape 3
t060299_4v2 [harrishill south and main 50-70 rl0650 | Tape 3
t060299_4v3|harrishill south and main 50-70 rl0652 | Tape 3
t060299_4v1 |harrishill south and wehrle 135-143 rl0653, | Tape 3
r10661,
r10664
t060299_4v2 |harrishill south and wehrle 135-143 rl0654, | Tape 3
r10665
t060299_4v3|harrishill south and wehrle 135-143 rl0640, | Tape 3
r10641,
r10663,
r10666
t060299_4v1 [harrishill south and genesee 220-236 rl0657 | Tape 3
t060299_4v2 | harrishill south and genesee 220-236 rl0658 | Tape 3
t060299_4v3|harrishill south and genesee 220-236 rl0660 | Tape 3
t060299_4v1 |harrishill south and pleasantview 309-349 rl0646 | Tape 3
t060299_4v2|harrishill south and pleasantview 309-349 rl0647 | Tape 3
t060299_4v3|harrishill south and pleasantview 309-349 rl0648, | Tape 3
r10651
070899 | Run 6 and 7 |Started using 10 ft curb radius... Run 6: Harris Hill Route North
Run 7: Harris Hill Route South
Note: Right radar not working
correctly
t070899_6v1 [harrishill and pleasantview 90-115 rl0693 | Tape 3|Warnings due to easy stop logic.
2 cars approach.
t070899_6v3[harrishill and pleasantview 90-115 r10694 | Tape 3[No warnings: decel not below -
3ft/s?; easy stop logic used.
t070899_6v1 |harrishill and genesee 184-194 rl0696 | Tape 3[Some clutter, one track with
warning: easy stop logic.
t070899_6v3|harrishill and genesee 184-194 rl0695 | Tape 3|No warnings: decel not below -
3ft/s2; easy stop logic used.
t070899_7v1 |harrishill south and main 54-77 rl0692 | Tape 3|Easy stop logic, no warnings.
t070899_7v3|harrishill south and main 54-77 rl0691 | Tape 3|No tracks, no targets.
t070899_7v1|harrishill south and wehrle 137-145 r10688 | Tape 3
t070899_7v3|harrishill south and wehrle 137-145 ?? Tape 3
t070899_7v1|harrishill south and genesee 229-279 rl0683 | Tape 3
t070899_7v2|harrishill south and genesee 229-279 rl0686 | Tape3 [Radar 2 is not working.
t070899_7v3(harrishill south and genesee 229-279 rl0685 | Tape3 |Warnings due to decel logic of
center radar.
t070899_7v1|harrishill south and pleasantview 358-368 rl0689 | Tape3
t070899_7v3|harrishill south and pleasantview 358-368 rl0690 | Tape3 |Easy stop logic, no warnings.
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Table A-1 Intersection Tests, GIS Test Area

Observ.
Date/Run/ Times | Compute
Date Radar Intersection (sec) r Run # Video Objectives/Comments
071299 Run 0, New route (Yellow route). See Testing out all types of
Run 1, map. intersections. Testing complete
Run 3. system.
t071299 1vl|greenbriar east and warner 330-345 rl0699 | Tape2
t071299_3vl|stony and genesee 368-398 r10700 | Tape2
Part 1 of 2
t071299 3v1|stony and genesee 398-434 r10701 Tape2
Part 2 of 2
t071299_3v2(stony and genesee 368-402 rl0702 | Tape2 [Brake logic enabled after 380 sec.
Part1 od 2
t071299_3v2|stony and genesee 402-434 r10703 | Tape2
Part 2 of 2
t071299_3v3|harrishill south and genesee 1400- rl0705 | Tape2
1408.8
071499 Run 0 New route (Green route); see map. Tape 1|Testing all logic, different map
routes.
t071499_0v1|warner south and columbia 273-284 rl0715 | Tapel
071599 Nodata [New route (Blue route); see map Tape 1
071699 No data [Random route, see log book. Tape 3
071999 No data [Random route, see log book. Tape 2[Random route, testing all
intersections.
072199 Run 0 Random route, see log book. Tape 4[Random route, testing all
No Data intersections.
072199 Run 1 Random route, see log book. Tape 4[Random route, testing all
With Data intersections.
t072199_1vi|transit south and pleasant view 16-26 rl0706 | Tape4
t072199_1v3|warner south and columbia 345-358 rl0714 | Tape 4
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APPENDIX B
WARNING STATISTICS

Table B-1 ligts the false darms and missed warnings recorded for 105 intersections encountered
by the ICA vehicle asit was driven over the GIStest area. Thefile number indicates the date and the run
number. Generally severa runs (drives through the area) were made on any given day. The runs are
independent and not necessarily contiguous. The table is based on an examination of the video recordings
only. While radar data was dmost always recorded, the volume of data precluded an in-depth andysis of
each intersection. Furthermore, it was of interest to evauate the system as the driver observesiit.

The intersections are listed with the road that the ICA vehicleis on first and can be found on the
map in Section 5. Where there are no entries (no false or missed warnings) the system performed without
any warning errors.

A summary of the table is discussed in Section 5.1.10.
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Table B-1 Warning Statistics

Warnings: False or Missed

File Number Intersections with Traffic Int?r/Seec(:ifon Left Radar 2;%: C;ar;taerr
070899_6 Harris Hill and Pleasant View 4 way 1 False
Harris Hill and Genesee 4 way
Harris Hill and Wehrle 4 way 1 False
Harris Hill and Main 4 way 1 False
070899_7 Merrihust and Harris Hill T
Harris Hill south and Main 4 way
Harris Hill south and Wehrle 4 way
Harris Hill south and Genesee 4 way 1 Missed
Harris Hill south and Pleasant View 4 way
071299 0 Warner south and Columbia 4 way
Warner south and Burlington 4 way 1 False
Walden east and Stony Junction Left
Stony and Pleasant View 4 way
Stony and Genesee T
Genesee west and Harris Hill 4 way
Harris Hill and Wehrle 4 way
071299 1 Greenbriar east and Warner T
Warner and Columbia 4 way
071299 3 Walden and Stony Junction Left
Stony and Genesee T 5 Missed
Genesee west and Harris Hill 4 way
Harris Hill and Wehrle 4 way 2 False
Wehrle and Shimerville 4 way
Shimerville and Main 4 way 1 False
Main and Harris Hill 4 way 1 False
Harris Hill and Main 4 way
Harris Hill and Wehrle 4 way
Harris Hill and Genesee 4 way
Harris Hill and Pleasant View 4 way
071499 0 Rehm east and Hill Valley Junction Left
Greenbriar east and Warner T
Warner south and Columbia 4 way
Columbia east and Central T
Pleasant View east and Stony 4 way
Stony and Genesee T
Genesee west and Harris Hill 4 way
Harris Hill and Wehrle 4 way




Table B-1 Warning Statistics

Warnings: False or Missed

File Number Intersections with Traffic Int?r/Seec(:ifon Left Radar 2;%: C;ar;taerr
Wehrle east and Shimerville Junction Left
Shimerville and Main 4 way 4 False
Main and Harris Hill 4 way
Harris Hill south and Wehrle 4 way
Harris Hill south and Genesee 4 way
Harris Hill south and Pleasant View 4 way
071599 0 Pleasant View east and Harris Hill 4 way
Pleasant View east and Stony 4 way
Stony and Genesee T 1 False
Genesee west and Barton Junction Right
Barton south and Genesee T
Genesee west and Harris Hill 4 way
Harris Hill and Wehrle 4 way
Shimerville and Main 4 way 1 False
Main west and Harris Hill 4 way
Harris Hill south and Wehrle 4 way
Harris Hill south and Genesee 4 way 1 False
Harris Hill south and Pleasant View 4 way
071699 temp | Transit and Pleasant View Junction Left
Greenbriar east and Warner T
Warner and Pleasant View T
Pleasant View and Harris Hill 4 way
Harris Hill and Genesee 4 way 1 False
Harris Hill and Wehrle 4 way
Howard and Cameron 4 way 1 False
Cameron and Wehrle T
Wehrle and Shimerville Junction Left
Shimerville and Main 4 way 1 False
Main and Roxbury Junction Left
Roxbury and Wehrle T
Wehrle and Harris Hill 4 way 1 False
Harris Hill and Genesee 4 way
071999 0 Hill Valley and Rehm T 1 Missed
Hillside and Greenbriar Junction Left 1 False
Warner and Columbia 4 way 1 Missed
Columbia and Central T
Harris Hill and Pleasant View 4 way




Table B-1 Warning Statistics

Warnings: False or Missed

File Number Intersections with Traffic Int?r/Seec(:ifon Left Radar 2;%: C;ar;taerr
Harris Hill and Genesee 4 way
Harris Hill and Wehrle 4 way 1 Missed
Shimerville and Main 4 way 1 False
1 Missed
Wehrle and Harris Hill 4 way 2 Missed 1 False
Harris Hill and Genesee 4 way
Genesee and Transit 4 way
072199 0 Transit and Pleasant View Junction Left 1 Missed
Hillside and Greenbriar Junction Left 1 False
Greenbriar and Rose Hill Circle Junction Left 1 False
Greenbriar and Warner T
Warner and Pleasant View T
Pleasant View and Harris Hill 4 way 1 False
1 Missed
Harris Hill and Genesee 4 way
Harris Hill and Wehrle 4 way
Wehrle and Cameron Junction Left
Shimerville and Main T 5 Missed
Main and Cameron Junction Left
Main and Roxbury Junction Left 1 False
Roxbury and Wehrle T 2 Missed
Wehrle and Harris Hill 4 way
072199 1 Transit and Rehm Junction Left 1 False
Warner and Columbia 4 way
Columbia and Central T
Harris Hill and Pleasant View 4 way
Harris Hill and Genesee 4 way
Harris Hill and Wehrle 4 way 1 Missed
Wehrle and Shimerville Junction Left
Shimerville and Main 4 way
Main and Harris Hill 4 way
Harris Hill and Wehrle 4 way
Harris Hill and Genesee 4 way
Totals 105 Intersections 12 False 6 False 9 False
p:\ica\molly's documents\warning stats.xls 8 Missed 10 Missed |4 Missed




